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Abstract

Ferromagnetic shape memory alloys (FSMA) have been shown in recent work to
exhibit large magnetic field induced strains. The material generally requires a large
threshold field (of order 3-4 kOe) to initiate the strain. Thus, the power requirements
are large and actuators based on these materials could tend to be large. This thesis
reports on the effect on the actuation properties of Ni-Mn-Ga single crystals of the
use of a sinusoidal stress wave generated by a piezoelectric stack actuator.

The piezoelectric drive causes a time varying stress wave in the FSMA that re-
solves as a shear across the twin-boundaries and aids the twin boundary in overcoming
defect-related obstacles. The FSMA shows increased strain and a reduction in thresh-
old field. The effect is most pronounced for crystals showing large initial threshold
fields which are associated with high defect strengths or concentrations. For crystals
with a large threshold, 4.7 kOe, actuated at 1 Hz, the piezoelectric drive reduces the
threshold field by as much as 21% for a piezoelectric driven at 5 kHz and 20 Vr,m. As
a result of this large threshold reduction, strain output can be more than doubled for
magnetic drive amplitudes near the threshold field. Strain improvement is modest,
0.001, for magnetic field drive amplitudes that are near saturation magnetization.

The effect of piezo-assisted actuation as a function of the magnetic drive frequency
was also investigated. The apparatus was first modeled using finite element simula-
tions to determine its expected resonant behavior. The actuation behavior of the
high-frequency apparatus was then tested at Ni-Mn-Ga actuation frequencies up to
500 Hz. It was found that the strain amplification at constant piezoelectric drive
tends to decrease with increasing actuation frequency. Maximum benefit is seen for
actuation frequencies under 20 Hz and is believed to be the result of both a reduc-
tion in piezoelectric energy input per FSMA actuation cycle at elevated actuation
frequencies, and the system dynamics.

The change in piezoelectric drive performance as a function of temperature was
investigated for temperatures below the martensitic transformation, 0-30 'C. Strain
output decreases with temperature as a result of lowered twin-boundary mobility. The
piezoelectric drive does yield an improvement in strain response for all temperatures



investigated, however the effect is maximized at 12.5 'C which is near the inflection
point of increasing field-induced strain with temperature.
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Chapter 1

Introduction

The ferromagnetic shape memory alloy (FSMA), with nominal composition Ni2MnGa,

was first postulated to exhibit magnetic-field-induced strain response in 1993 [1, 2].

Measurements conducted in 1996 at MIT demonstrated that a strain of 0.2% at -8 °C

in a single crystal could be induced by magnetic fields of a few kOe [3, 4]. Strains of

0.3% were demonstrated in 1999 by Wu, et al. [5]. James showed 4.0% [6] and Tickle

reported 4.3% strain [7]. Murray showed near-theoretical strain values were achievable

when he reported 6% quasi-static strain in Ni49.sMn28s.s 5Ga 21.7 [8]. Recently, strains of

9.5% have been shown in the orthorhombic seven-layered martensitic phase by Sosi-

nov [9]. These reported strains are one to two orders of magnitude greater than can be

realized in other field-actuated materials such as piezoelectrics or magnetostrictors.

This justifies the wide interest in FSMAs for possible actuator applications.

1.1 Crystallography and Phase Transitions

Ni2MnGa is an intermetallic compound exhibiting the Heusler structure. Below

800 C, the material has the L21 ordering and Fm3m crystal symmetry as shown

in Figure 1-1. Above 800 'C, the gallium and manganese sites become disordered and

the B2 ordering is present [10].

As the material is cooled, the L21 structure undergoes a martensitic transfor-

mation from cubic to a tetragonal, I4/mmm structure. The martensitic transition



Figure 1-1: The Fm3m crystal structure of Ni 2MnGa. The corner positions are
gallium (dark grey), the other octahedral sites are manganese (light grey), and the
interior tetragonal sites are nickel (white). The [110] planes shown become the twin-
planes in the martensitic phase [11].

is characterized as a first order, diffusionless, shear transformation from a higher-

symmetry, high temperature structure to a lower-symmetry structure at lower tem-

peratures [12]. The structure is shown in Figure 1-2b along with the parent austenite

crystal structure in Figure 1-2a. During the transformation, there is a contraction

along one of the austenite a-axes and an expansion in the two perpendicular a-axes

directions. The martensite unit cell is redefined relative to the austenite unit cell,

however the crystallographic axes in the martensite phase are often referenced to the

austenite phase in the literature such that c < a. This convention is used for conve-

nience as the maximum theoretical strain is therefore max = 1 - . This literature

convention is also used in this thesis.

The first-order martensitic transformation is a hysteretic process, characterized

by the austenite start and finish temperatures, and the martensite start and finish

temperatures as shown in Figure 1-3. For temperatures between the austenite start,

T, and the martensite start temperature, T,,, the phase present will depend on

thermal history.

During the transformation process from austenite to martensite, the transforma-



a) D)

Figure 1-2: Austenite crystal structure (a) showing the martensitic unit cell. (b)
shows the martensite 14/mmm unit cell (figure courtesy of M. Richard).

00

.0.

Figure 1-3: The transformation hysteresis for a general martensitic phase transition in
a shape memory alloy. Pure martensite exists at low temperature and pure austenite
exists at high temperatures [13].

tion stresses from the lattice distortion are often accommodated by the formation
of twin-variants [13] as depicted in Figure 1-4. These variants allow for the relief of
strain energy within the crystal [14]. The boundary between these two variant regions
is referred to as the twin-boundary or twin-plane and many such boundaries can exist
in a single crystal. In tetragonal Ni-Mn-Ga, the twin planes lie preferentially along
{h0h} or {0hh} planes and thus separate twin-variants have their c-axis roughly 900
to one another. The boundaries can be moved by the application of a stress, creating
a macroscopic shape change. The presence of these boundaries gives rise to the shape
memory effect, as they allow for the accommodation of various strain states relative
to the initial cubic phase. Regardless of the material's variant arrangement in the

I t

dk_ýý



martensitic state, heating of the sample back through the austenite finish temperature

will always return it to the original, cubic austenitic structure.

Austenite

TIIf

Variant 1

Variant 2

F-1ItJ
Plane

Figure 1-4: During cooling, Ni-Mn-Ga transforms from cubic austenite to tetrago-
nal martensite. In doing so, internal stresses are relieved by the formation of twin-
variants [15].

1.2 Magnetic Properties

Ni-Mn-Ga exhibits a strong magnetocrystalline anisotropy with the easy axis oriented

parallel to the martensitic c-axis. In the absence of an external magnetic field or

external constraints, two twin variants (variant #1 and #2) in the crystal are of

equivalent energies (Figure 1-5). In the presence of an external magnetic field, oriented

along one of the c-axis, the energy difference, AG = UIT - U•, between the variants

will grow. The divergence in energy with increasing field stabilizes the variant whose

c-axis is oriented parallel to the external field. This energy difference between the

two variants will continue to grow until all of the magnetic moments in the material

are aligned parallel to the magnetic field at the anisotropy field, Ha. The maximum

energy difference, which occurs for H > Ha, will be equal to the anisotropy energy, K,.

Therefore, supplying additional magnetic fields larger than Ha offers no additional

driving force and wastes energy.

It is this large magnetocrystalline anisotropy (K, a 1.7 ± 0.2 x 105 J/m'), in

the martensitic phase, which differentiates a FSMA from a traditional shape memory

alloy (SMA). The magnetic anisotropy allows for the magnetic field to be used as a



AGY[Kul

2

3
4-

Figure 1-5: Energy difference, AG, between the twin-variant aligned, Ua, and per-
pendicular, Uq , to the applied magnetic field in terms of the reduced field r = i- [11].

driving mechanism to move twin-boundaries.

1.2.1 Temperature Effects on Magnetic Properties

The magnetic properties of Ni-Mn-Ga are sensitive to temperature, especially in

the temperature regions showing magnetic-field-induced strain (MFIS). The material

exhibits a Curie temperature of approximately 80-100 'C for the commonly used com-

positions near Ni5oMn 28 Ga 22. Above this temperature, the material is paramagnetic.

Figure 1-6 shows the magnetization and anisotropy constant for the 5M, tetragonal

martensite. Both quantities rise with a decrease in temperature as thermal fluctua-

tions of the magnetic moments are reduced. Also, as is common in uniaxial materials,

the magnetization initially rises faster than the anisotropy as the alloy is cooled below

the Curie temperature. The dependence can be expressed mathematically by a power

law, such that

[m(T) 3  M(T)) K 1(T) (1.1)
M(0) KI (0)

where m(T) is the normalized magnetization at temperature T and KI(T) is the

anisotropy [16, 17]. The anisotropy determines the maximum driving force that can

be applied magnetically, and therefore the largest driving forces can be applied at low

0 0.2 0.4 0.6 0.8 I 1.2 1.4

TI
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Figure 1-6: Magnetization and anisotropy constant of a 5M tetragonal martensite of
composition Ni49.7Mn29.1Ga 21.2 [17].

1.3 Mechanical Properties

Shape memory alloys have a unique, pseudo-plastic, stress-strain response. Under

the application of an applied load, they show an initial stiff elastic region for small

strain values (Figure 1-7). After a critical stress value is reached (the threshold stress

or twin-boundary yield stress), the applied load causes twin boundary motion and

variant rearrangement. During this period, the material stiffness can be orders of

magnitude lower than in the initial elastic region. After the variants have swept

through the material (approximately E > 6% in Figure 1-7), the material becomes

stiff again. The sharp changes in stress in the flat region of the curve from ;0.5-6%

strain are a result of twin-boundary interactions with defects in the material. The

stress builds up when a twin-boundary becomes blocked on a defect or defects. Once

the stress build up to sufficient level, the defect is overcome the measured stress drops

as the crystal strains under the applied load.

Dai et al. [18] have measured the elastic constants for Nio.50Mno.284Ga0.216 in a

single variant state from 200K to 428K (Figure 1-8). They find that the stiffness

increases as the specimen is cooled, until z220K where a phase change occurs.



u,

a,

0 1 2 3 4 5 6

Strain (%)

Figure 1-7: Stress-strain for the compression of a single-variant sample of Ni-Mn-Ga
(TL7) along the [100] direction. The stiffness in the twinning region is 34.6 MPa.

The material stiffness acts as a resistance to twin-boundary motion, so therefore

the twin-boundaries are most mobile when the material stiffness is minimized. This

occurs for higher temperatures, in contrast to the driving force which is minimized

at high temperatures. The interplay of these two quantities will be discussed further

in Chapter 7.

Heczko and Straka [20] report on the twinning stress in 5M tetragonal martensite

from 100-307 K as shown in Figure 1-9. They find an exponential increase in the twin-

ning stress with a reduction in temperature. This strong temperature dependence of

the twinning stress, which is suggestive of thermally-activated twin-boundary motion,

limits the operating range of the FSMA as K1 > UTWEO for MFIS to occur. They

also find a larger fraction of untransformed, residual variants at lower temperature

and that the magnetic field required to cause 1% strain increases with a decrease in

temperature.

I
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Figure 1-8: Temperature dependence of six elastic constants of Nio.50Mno.284Gao.216
below the first martensitic transformation temperature [19, 18].

1.4 Magnetic-field-induced strain response

1.4.1 Quasi-static strain response

Ni2MnGa has a high magnetocrystalline anisotropy that couples the magnetic easy

axis to the crystal's c-axis. For samples with Ku greater than the stress required to

initiate twin-boundary motion, an applied magnetic field is capable of moving twin-

boundaries and causing a twin variant rearrangement. Under an applied magnetic

field, twin boundaries will move so that twin variants with their magnetic easy axis

(c-axis) parallel to the applied field will grow in volume fraction. This twin variant

rearrangement is what leads to a macroscopic strain that is observed and as can be

seen in the upper right frames in Figure 1-10.
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Figure 1-9: Temperature dependence of the twinning stress. MSM refers to the
existence of the magnetic shape memory effect which only occurs in the martensite
phase for K1 > aTWCO [20].

Murray investigated the effect of an external static load on the strain behavior of

Ni 49.sMn28. 5Ga 2 1. 7 [21]. For low stress values, 0.34 MPa, full strain was achieved on

the application of a 800 kA/m magnetic field and the strain persisted with the removal

of the magnetic field. For intermediate stress values, 0.78-1.62 MPa, large strain was

achieved upon application of the magnetic field, and the stress was sufficient to cause

partial to full reset of the crystal back to its original strain state. At the larger stress

values, 1.63-2.73 MPa, the stress is too large for the magnetic field to work against

and the overall strain is low. It can also be seen that as the stress is increased, strain

onset (threshold) occurs at progressively larger magnetic field values.

A simple phenomenological model for the field dependence of the strain was pro-

posed by O'Handley et al. [22] and Murray [8]

E(H) = o0f = 2Kuh(1 - h/2) - o(1.2)
E(H) = of =(1.2)

Ceffo0

to interpret the results. In Eqn. 1.2, Ceff is the effective elastic modulus of the

twinned state, f is the volume fraction of the variant with its c-axis parallel to the

magnetic field, h is the reduced field (H/H,), Eo is the peak strain, and Ku is the

magnetocrystalline anisotropy energy. The coercivity is introduced into the model by

expressing the external field as H =± Hc for decreasing or increasing field strength.

0
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Figure 1-10: The E-H response for a single crystal Ni-Mn-Ga specimen under 0.34-
2.73 MPa applied loads. At the top right are 3 high-speed video frames showing the
motion of twin-boundaries during the application of the magnetic field [21].
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Figure 1-11: Calculated strain vs. applied field curves (a) from Eqn. 1.2 and the
calculated strain vs. stress behavior overlaid with experimental data [21].
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The model (Eqn. 1.2) gives a reasonable reproduction of the data. It correctly

captures the increase in threshold and decrease in strain with applied load.

1.4.2 AC-strain response

The work of Murray was expanded on by Henry [23, 24, 25, 26] to include AC-

performance. Henry used an experimental apparatus that incorporated a spring load

applied to the end of the FSMA to provide the restoring force after FSMA extension.

The magnetic field was then applied perpendicular to this load path and the magnetic

field frequency could be varied to cause up to 500 Hz actuation.

The stress dependence observed by Henry [25] was similar to that initially observed

by Murray [27]. For low values of the bias stress, the FSMA is not fully reset following

MFIS and the cyclic strain is low (Figure 1-12). The largest values of stress, 2.18 MPa,

are sufficiently large that the magnetic field is not capable of supplying sufficient

energy to overcome the applied strain energy. At intermediate bias stress values of

1.41 MPa, cyclic strain is maximized as the bias stress is capable of resetting the

crystal to its initially compressed condition, while not being large enough to block

twin-boundary motion.

Henry also showed that Ni-Mn-Ga is capable of showing large cyclic strain at

frequencies out to 500 Hz. Figure 1-13 shows some of the data for frequencies out

to 100 Hz. Strain magnitudes remain nearly constant over this frequency range. A

phase lag between the magnetic field and the strain response can be seen in Henry's

data as an increase in the intercept of the data with the strain axis as the frequency

is increased.

1.5 Magnet Design

The choice of magnetic circuit design is important to determine the size and power

requirements for an actuator design. For Ni-Mn-Ga, the majority of the weight of

the actuator is the magnet itself. The magnetic core and wire windings can account

for over 95% of the total mass of the final actuator [15]. As a result, the reduction in
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Figure 1-12: Strain vs. Magnetic field data for measurements
stresses for 1 Hz actuation frequency [25].
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magnet requirements are of utmost importance in the design of an FSMA actuator.

The magnetic field produced from an electrical current can be expressed as

NI= H -dl = dl (1.3)

where N is the number of turns on the magnet, I is the current, 4D is the magnetic flux,

p is the permeability, dl is a differential length element along the magnetic circuit,

and A is the cross-sectional area. For a single-component magnetic circuit,

NI = (1.4)
ILA

For multi-component magnetic circuits, Eqn. 1.4 can be generalized as a sum over all

the components such that

NI = i (1.5)
IiAi

From Eqn. 1.5, it can be seen that the magnetic flux, 4, is directly proportional to the

current, I, and the number of turns, N 1. If the required field is reduced, the product

of NI can be reduced by the same amount, assuming the gap size remains constant.

If the drive current, I, is held constant, then the number of turns can be reduced

thereby reducing the magnet size and weight as the magnetic field requirements are

lowered.

The minimum electrical power needed to drive a magnet can be given as

P = VI = R 2  (1.6)

P=R( (1.7)

where V is the drive voltage and R is the resistance from the windings. The power is

proportional to the square of the magnetic flux, 12, so that any reduction in required

magnetic field will result in a large reduction in power consumption.

'The linear relationship is valid for magnetic fields that are insufficient to saturate the core. For
magnetic fields approaching the saturation field of the core, the relation between NI and 4 becomes
non-linear.



For most magnet designs, the behavior of the magnet is governed primarily by the

length of the air gap because the relative permeability of a magnetically soft core can

be orders of magnitude greater than air (I""' Z 102 to 104) [16]. The magnetic core

materials are selected to maximize this ratio and the soft magnetic core is essentially

lossless relative to the air gap as a result, allowing Eqn. 1.7 to be summed over the

gap dimensions only. The electrical resistance of the magnet windings can be given

as
pLR pL (1.8)A,

R 2 (1.9)Aw
where p is the resistivity of the wire material, L is the total length of wire, r is the

radius of the windings about the magnet core, and A, is the cross-sectional area of

the wire. Substituting Eqn. 1.9 into Eqn. 1.7 yields

P = rp (H/g) 2  (1.10)
NA,

in which 1, is the length of the gap. It can be seen from Eqn. 1.10 that the DC

power is inversely proportional to N and scales by the square of the magnetic field,

H. Therefore, reductions in the magnetic field requirements can yield large power

savings.

The operation of the magnet under AC conditions requires additional considera-

tions. The flow of AC current in an inductor causes the formation of a back emf, called

inductive reactance, that opposes the flow of charge as the frequency is increased. The

inductive reactance as a function of the inductance, L, is given as

XL = 27rfL (1.11)

where L is the inductance in Henrys and f is the operating frequency in Hz. The



inductance for a solenoid is given by

L or=°N2A,L = 1 N (1.12)

in which 1O0r is the permeability of the core material and A8 is the cross-sectional

area of the solenoid. The net effect of the increase in reactance with frequency is

a reduction in current flow through the magnet and a reduction in magnetic field

at higher frequencies. To minimize the loss in current and achieve large magnet

bandwidth, the inductance of the magnet can be minimized by reducing the number

of turns, N, in the magnet and a laminated core material can be used.

1.6 Piezoelectric Materials

Piezoelectric ceramics are a class of electrically active materials. When an external

electric field is applied to an unconstrained piezoelectric material, the material strains.

The strains are typically small, <0.19% [28], and are fully reversible.

The piezoelectric effect can exist in materials that have non-centrosymmetric crys-

tal structures. This accounts for 21 of the 32 space groups, 20 of which are piezo-

electric2 . An external electric field causes small displacements of the charged atoms

within the unit cell and this displacement leads to the observed strain. The electric-

field-induced strain can be expressed mathematically by

ejk = dijkEi (1.13)

in which dijk are the piezoelectric moduli and Ei is the applied electric field vector [30].

It can be seen from Eqn. 1.13, that the strain is related to the magnitude of the applied

field.

Piezoelectric materials are traditionally made from sintered solid particles from

their individual oxide components. However, they can also be manufactured by chem-

ical coprecipitation [31, 32] or hydrothermal techniques [33]. Once the starting ma-
2Space group 432 is not due to the other combined symmetry elements [29].



terial has been made, it is ball milled to improve homogeneity and then dried and

mixed. The powder is then formed into shape by cold pressing, extrusion, slip casting,

or other technique. The shaped compact then undergoes densification by sintering

or hot pressing. Typical sintering conditions for PZT (lead zirconate titanate) are

1250 'C for 5 h in a flowing, oxygen-rich atmosphere. The domains within the poly-

crystalline structure are electrically aligned, or poled, by an external electric field so

that the direction of strain in the grains is co-linear, producing a final polycrystalline

material that behaves much like a single crystal. In the absence of poling, the sintered

grains are randomly oriented and, on the whole, cancel each other out [29].

In the last several decades, PZT and PLZT (lead lanthanum zirconate titanate)

have become common for transducer applications and have supplanted the traditional

BaTiO 3 [29]. This is a result of the higher electromechanical coupling coefficient

compared to BaTiO 3, higher operating ranges, easy poling, and ease of sintering

relative to BaTiO 3.

1.6.1 Piezoelectric stack actuators

As a result of the low strain amplitudes (10s of nm) from a single layer of piezoelec-

tric material, layers of piezoelectric ceramics are often assembled into a composite

stack configuration. The individual piezoelectric plates are interdigitated with metal

electrodes and co-fired into a solid, composite stack. This arrangement allows for a

larger strain amplitude (1-10s of pm are readily achievable) at drive voltages <100 V.

Additionally, larger energies can be applied to the load as a result of the larger dis-

placements. However, larger currents are required to drive the stack devices due to

their increased capacitance relative to a single layer. Figure 1-14 shows the displace-

ment of a PZT stack actuator manufactured by Piezo Systems, Inc. which delivers

up to 15 tm displacement at 90 V.



1.7 Motivation

It has been observed that there is a large variability in the properties of Ni-Mn-Ga

with small changes in composition and crystal preparation techniques. The threshold

field can vary by a factor of 2 with changes in composition of less than 0.5%, as is

the case with data presented later in this thesis.

To date, it has been difficult to produce high yields of high-quality single-crystal

material in this ternary alloy system. Despite the relatively low cost of the starting

materials compared to those used in other magneto-active materials, the cost of grow-

ing high-quality single crystals of Ni-Mn-Ga remains high due to slow growth rate,

difficulty in controlling the single crystal orientation, compositional control during

the entire solidification process, and difficulty in controlling impurity levels. These

high costs currently make Ni-Mn-Ga less attractive for commercial applications and

have limited its applications.

Early data [35] showed that the application of a small amplitude acoustic drive

with a piezoelectric was capable of reducing the threshold for the initiation of magnetic-

field-induced strain in Ni-Mn-Ga and increases the overall FSMA strain output. The

research was motivated by a desire to explore the range over which this effect on the

threshold and strain could be observed and the limitations of the piezoelectric drive.

This ability to change the actuation characteristics of the material showed promise

as a means of compensating for the variations in material properties that arise during

processing. Lower quality materials with high defect concentrations could potentially

be used with performance characteristics similar to higher quality crystals. The re-

quirements on the material could be broadened, resulting in an overall decrease in

production costs.

1.8 Thesis Layout

Chapter 2 addresses the role of defects on the actuation behavior and mobility of

twin-boundaries. The first part of the chapter presents two models for twin-boundary



motion in the presence of defects. The second part of Chapter 2 presents data showing

the strength and nature of defects that have been observed in single-crystal samples

similar to those used in this thesis work.

Chapter 3 describes the crystal preparation and heat treatment used to produce

the active FSMA crystals. The various experimental apparatuses that were con-

structed and used throughout this thesis work are also described.

Chapter 4 presents actuation data taken on samples from two different FSMA

starting materials, TL7 and TL8, at 1 Hz actuation frequencies. The effect of the

piezoelectric drive parameters on the strain and threshold are shown for magnetic

field drive magnitudes near threshold and near saturation. The change in FSMA

efficiency with the inclusion of the piezoelectric drive is also presented and indicates

that the mechanical work done by the piezoelectric is a small fraction of the magnetic

energy input.

Finite element modeling (FEM), shown in Chapter 5, is used to determine the

resonant modes of the X4 experimental apparatus. The modeling results indicate

that the compression spring used in the original apparatus design have numerous

low-frequency resonant modes. Further FEM modeling was used to redesign the X4

apparatus and remove most of the low-frequency resonant modes.

Chapter 6 presents data taken on the redesigned X4 apparatus at actuation fre-

quencies up to 500 Hz. The data indicate that the piezoelectric drive is most effective

at low-frequencies and is overshadowed by system behavior at higher frequencies.

The temperature dependence on the efficacy of the piezoelectric drive is shown in

Chapter 7. The acoustic drive has allows for increased strain output at lower tem-

peratures and is most effective near the temperature threshold for FSMA magnetic-

field-induced strain.
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Figure 1-14: Free displacement of a PZT piezoelectric stack actuator measuring 5 x
5 x 18 mm [34].
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Chapter 2

Theory of Actuation and Defect

Interaction

In order to understand the effect of the piezoelectric drive, it is important to address

the theory describing twin-boundary motion within the FSMA. In this chapter, mod-

els for the motion of twin-boundaries and their interaction with the lattice will be

explored as well as the role of defects in the process.

2.1 Twin-boundary Models

Figure 2-1 shows the atomic positions of the atoms in two twin-boundary variants.

In order for the twin-boundary to advance normal to its surface, the atom in position

#1 must translate parallel to the twin-boundary into position #2. After all of the

atoms on the boundary have undergone this translation, the twin-boundary will have

advanced in the [101] direction by one atomic layer. In order for the atom to translate,

it requires sufficient energy to overcome the energy barrier separating position #1 and

#2. This energy barrier is typically modeled as a double-well potential [36] with the

energy barrier given by AGativation. The energy barrier in a perfect crystal has the

height of the Peierls potential. In a real crystal the energy barrier can be much greater

due the presence of various material defects. Thermal energy (kT ; 25 meV/atom)

provides much of the energy to overcome the barrier, because twin-boundary motion



is suppressed at reduced temperatures [37]. An applied stress or magnetic field acts

as a bias to reduce the energy of one position/variant over the other as shown in

Figure 1-5. The bias energy from the magnetic field is on the order of 10 peV/atom.

Figure 2-1: Geometry of the atomic positions at the twin boundary. In order for the

twin boundary to advance vertically, the atom in position #1 must shear relative to
the twin-boundary into position #2.

The energy difference between the two variants provides the driving force for

twin-boundary motion. However, the mechanics of motion of the twin-boundary are

governed by the local defect structure in the material.

Paul [38, 39] examines the interaction of a twin-boundary and a magnetic domain

wall with a generic Gaussian defect. The model used

E = fA D (A(/')2 + Ksin2 (1 - 0) - HMcos(El- 0) + 62g(X, X))d d +

JA (A(0')2 + K sin2 ( 2 - ) - HM cos(6 2 - 9))dz (2.1)

is an energy minimization formulation that accounts for magnetic anisotropy energy

(K sin 2(Ei - 9)), Zeeman energy (HM cos(Ei - 9)), and exchange energy (A(0)2) in

each of the two variants and the strain energy from the elastic defect in magnetically

preferred variant (e2g(X, Xd)). The preferred easy magnetization directions in variant

#1 and #2 are given by Ei and the angle of magnetization is given by 0. The

magnetization is taken such that in variant #1, 01 = 450 and 02 = 1350 for variant #2

and 0 is allowed to vary continuously across the domain wall. The model assumes

a functional dependence on the x-coordinate only, thereby simplifying the resulting



calculations.

Paul finds that when the twin-boundary encounters a defect, the domain wall

tends to lead the twin-boundary. As long as the strength of the defect is less than

the anisotropy energy, the twin-boundary is capable of overcoming the defect with

the application of a magnetic field of appropriate magnitude.

The strength of the defect has a strong impact on the magnitude of the magnetic

field that must be applied to overcome any defects. This is clear because of the

large magnitude of the thermal energy relative to the Peierls potential. For defect

strengths greater than the anisotropy energy, the domain wall will break free of the

twin-boundary and sweep through the entire length of the crystal and the twin-

boundary will remain pinned at the defect. In this situation, the magnetic energy is

insufficient to overcome the defect and twin-boundary motion is effectively blocked at

the location of the defect [38]. Although one cannot make the simple assertion that

the threshold required to initiate twin-boundary motion is the sole result of defects,

it is clear that the presence of large, frequent defects will cause a larger threshold

than would otherwise be observed.

Paul [39] also looks at the time-dependent solution of the motion of a partial

dislocation along the twin-boundary in the presence of an elastic defect. The partial

represents the leading edge of the atoms adjacent to the twin-boundary plane that

have transformed from the original variant into another variant. Once the partial

dislocation has swept the length of the twin-boundary (see Figure 2-1), the twin-

boundary advances one atomic step normal to its plane (in the [101] direction). The

model is formulated in terms of an unperturbed Lagrangian such that

( [2U2 Ui (dUi•2 m  dUi 2  (2.2)
L =U S(T)[ U'J Ae x 2 d) (2.2)

in which Ae is the nearest neighbor exchange energy, p is the atomic displacement of

variant #2 from variant #1, a, = 107dynes/cm 2 is the atomic stress magnitude with

respect to the lattice, Ui is the time-dependent displacement of the atoms along the

twin-boundary in the x-direction. The energy barrier for the double well is at least



that of the Peierls potential and can be strongly modified by local material defects.

It is found that the interaction of the defect's strain field with the twin-boundary

will cause a deceleration of the twin-boundary as it nears the repulsive defect and

impedes its motion [39]. Once the dislocation at the twin-boundary interface passes

the defect, it is accelerated away from the defect as a result of the defect's repulsive

strain field. The acceleration persists until the partial dislocation reaches the initial

velocity profile that it would have been on had it not encountered a defect (Figure 2-2).

The net result of elastic defects is therefore that the average twin-boundary velocity

is reduced.
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Figure 2-2: Velocity of a partial dislocation moving along a twin boundary in the
presence of a defect. The partial dislocation is decelerated as it approaches the defect,
and accelerated as it passes the defect [39].

Paul's model also explains why the FSMA crystals do not extend at the speed

of sound. Extension of the crystal requires that a partial dislocation moves across

the width of the crystal to cause an elongation along the length of the crystal equal

to one atomic layer in the [101] direction. These partial dislocations may move at

speeds approaching the sound velocity, however the large distances that they must

move precludes the rapid elongation of the FSMA crystal.

Using the same model with the inclusion of a weak acoustic-drive (piezoelectric

drive), Paul finds that the addition of the weak acoustic perturbation results in the

reduction in magnetic threshold for the motion of a dislocation past a given defect

strength (Figure 2-3). The reduction in threshold is increased for both increasing



acoustic frequency and amplitude. Quantitative comparisons with experimental data

are difficult however, as it is non-trivial to relate the macroscopic piezoelectric dis-

placements to atomic displacements along the twin-boundary.
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Figure 2-3: Modeling results of the effect of a small amplitude acoustic drive on the
threshold magnetic field required to overcome a defect. The various curves are for
different amplitude acoustic drives [39].

An alternative model based on the torque on the twin-variants has been proposed

by O'Handley [37]. The magnetic-field-induced torque is defined as

A =-OGzeeman
A = eem (2.3)

and the magnetic-field-dependent torque per unit volume is given by

A _ (-MHcos92)
A• = -2KhV -7h2  (2.4)

in which h is the reduced magnetic field, M, is the saturation magnetization, and

02 is the angle of the magnetization vector from the easy axis. In an unconstrained

case, the crystal would rotate such that the net moment aligns parallel to the field.

However, the external constraints prevent crystal rotation and provide the opposing

force. The torque results in only the motion of atoms in variant #2 in Figure 2-

4 and this motion proceeds in a wave-type fashion along the twin-boundary. The

temperature dependence of the torque is expressed using the relation derived by



Callen and Callen [40]

K,(T) = K(O)m2 = K(O) 1- 2 (2.5)

where T, is the Curie temperature and m is the reduced magnetization. Including

Eqn. 2.5 in Eqn. 2.4, yields the temperature dependence of the magnetic torque

A(T) = -2K,(O)h(T) (1 - t2) 2 - hT)2
(2.6)

Figure 2-4: Diagram of the forces and torques on the FSMA single crystal in a
magnetic field. The volume fraction of variant #1 is given by f[37].

O'Handley also looks at the temperature dependence of the magnetic-field-induced

shear stress (10 peV/atom) relative to the thermal energy (-25 meV/atom). A

thermally activated process is modeled by the standard exponential

R-=Roexp( AGkT)kbT (2.7)

where Ro is the pre-exponential factor, kb is the Boltzmann constant, and AGi is the

barrier height between variant 1 or 2. The energy barrier as in Paul's model can vary

widely as the result defects and in general is approximately 1000 times larger than

the magnetic energies.

Given Eqn. 2.7, the probability of a twin-boundary moving can be expressed as a



difference in the rate of transition between the two states of the double well potential:

(2.8)R2 1 = Ro exp AG - Gmag2 )-exp G - magl
kbT kbT

where Gmagi can be found from Eqn. 2.6. Then, the condition for magnetic-field-
induced twin-boundary motion is

(2.9)

in which -r is the twin-boundary yield stress. Figure 2-5 shows the temperature
dependence of the magnetic torque, in terms of the pre-exponential factor. Two
forms of the twin-boundary yield stress are shown, one linear in temperature and the
other exponential, based on Heczko's measurements [20]. At low temperatures, the
lack of thermal energy freezes out the transition between double-well minima. The
magnetic torque is a maximum for reduced temperatures in the range 0.6-0.7. For
these temperature values, the anisotropy energy and the thermal energy are large.
On approaching the Curie temperature, t = 1,
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Figure 2-5: Schematic of the magnetic torque as a function of the reduced tempera-ture [37]. The dashed line represents data from Lu [41].
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2.2 Material Defects

Experience indicates that defects play a significant role in the mobility of twin-

boundaries in Ni-Mn-Ga as crystals of similar composition can have widely varying

actuation properties. The models reviewed above attempt to take this into account

in slightly different ways. To date, little work has been done on determining the exact

nature of the defects or their strength. Marioni [11] reported the defect strength dis-

tribution for a single crystal based on the onset of twin-boundary motion, measured

optically, under the application of successively stronger pulsed magnetic fields. He

found a distribution of defect strengths, with a large concentration of defects with

energies of 0.56 K1 spaced throughout the crystal length [42]. Defects stronger than

K, could not be quantified by his experimental method.
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Figure 2-6: Defect strengths measured by Marioni in a single crystal of Ni-Mn-
Ga [11].

Through transmission electron microscopy (TEM ) observation of the microstruc-

tural characteristics of single crystal Ni-Mn-Ga samples, Richard [43] determined the

concentration, size, and composition of second phase defects. Both Ti-rich and S-rich

phases were found throughout the samples tested. The Ti-rich second phase particles

were coherent, as evident from the Ashby-Brown strain contrast in Figure 2-7, and

are on the order of 5-20 nm in diameter. These inclusions tended to appear in clusters

and were noted to align into chains in some instances.

The S-rich phases were larger in size (100-1000 nm), and are incoherent. It was
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found that magnetic-field-induced strain (MFIS) was not observed in samples cut from
single crystal boules that had a large concentration of sulfur inclusions while those
with low concentrations did show magnetic-field-induced strain. A simple Orowan
model for the stress required for dislocation looping past the second phase inclusions

Gbv/-J
7- -- (2.10)

was used to estimate the strength of the defects. Here G is the the shear modulus,
b is the Burgers vector, f is the inclusion volume fraction, 7 is the required stress,
and r is the mean radius of an inclusion [43]. Richard's results are summarized in
Table 2.1. The model predicts correctly that the samples with large concentrations of
S inclusions do not show strain. The results for the low concentration samples are also
consistent with the defect strengths measured in an active crystal by Marioni [11].

Figure 2-7: Two second-phase defects that have been found, using bright-field imag-ining, in samples similar to those used in this thesis. A shows a coherent Ti-richphase approximately 20 nm in diameter and B shows a S-rich, incoherent particleapproximately 200 nm in diameter which runs through the width of the specimen.Both second phase particles are crystalline, indicated by the inset selected area X-raydiffraction patterns [43].

Impurity r (nm) Approximate f Calculated Strength (K,) MFISS in TL5 500 0.01 1.58 NoS in TL8 500 0.001 0.50 Yes
Table 2.1: Estimated defect strength of S inclusions using a dislocation looping modeland whether the samples showed magnetic-field-induced strain (MFIS) [43].





Chapter 3

Methodology & Experimental

Setup

3.1 FSMA Preparation

Oriented single crystals of Ni-Mn-Ga were grown by the Bridgeman method [44] at

Ames National Laboraties in Ames, Iowa. The received crystal boules were approxi-

mately 25 mm diameter and 75 mm long. Rectangular prisms having faces parallel to

the parent {100} planes and measuring approximately 2.5 x 2.5 x 15 or 2.5 x 4 x 15 mm

were cut from the starting material at MIT using a Charmilles Robofil 240cc wire

EDM. These were then lightly polished down to 4000 grit paper and encapsulated

in quartz ampules under argon atmosphere. In addition, tantalum turnings were in-

cluded in the ampules as an oxygen scavenger, to further prevent surface oxidation

during heat treatment.

Heat treatment was performed by holding the crystals at 850 'C for 24 hours then

slowly cooling to 500 oC and holding for 2 hours to allow for L21 ordering. They were

then cooled to 200 0 C and held at that temperature until removal from the furnace.

The final cool down to room temperature was performed with the crystals under

a constant compressive load of approximately 10 MPa, along the long axis of the

crystal, to facilitate formation of a single-variant state with the c-axis oriented along

the direction of the compressive load.



Single crystal specimens were cut from two single crystal boules, labeled TL7 and

TL8. The nominal compositions are presented in Table 3.1. The composition of

TL8 is consistent throughout its length, however TL7 has a more substantial com-

position gradient. Figure 3-1 shows the composition of TL7 and TL8 relative to

other compositions that have been identified. Both samples have similar transforma-

tion temperatures (shown by the solid lines) and have shown magnetic-field-induced

strain.

Crystal Ni Mn Ga
TL7 50.7 27.7 21.6
TL8 50.3 28.2 21.5

Table 3.1: Nominal compositions (at%) of the crystal boules from which the samples
used in this thesis were taken.
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Figure 3-1: Composition map for Ni-Mn-Ga. The dotted line represents the 50% Ni
compositions and the solid lines represent martensite transformation temperatures.
Red circles are compositions that have been identified as tetragonal, green squares are
orthorhombic compositions, and blue triangles are compositions that contain mixed
martensitic phases [43, 45]. TL7 and TL8 are identified on the figure with grey
diamonds.



3.2 Actuators

3.2.1 Low-Frequency X1 Magnet

In order to measure the effect of the piezoelectrically supplied acoustic energy, three

different assemblies were used. The first of these was based on the X1 magnet used

by C.P. Henry [25]. The X1 is a large inductance magnet, which when driven with

low drive current, is suitable for producing large magnetic fields at frequencies near

1 Hz (Table 3.2).

Single-crystal specimens of Ni-Mn-Ga are oriented in the magnet with the long

direction (c-axis) perpendicular to the direction of the applied field. This allows for

the crystal to expand against the load as the magnetic field is increased and for a

spring force, oriented along the long axis of the crystal, to reset it to the compressed

state as the magnetic field is decreased to zero. A Piezo Systems, Inc. model TS18-

H5-104 PZT (lead zirconium titanate) piezoelectric stack actuator is placed below

the FSMA crystal and is held in place with 2-sided tape. Also located within this

load path is a load cell with a 25 lb range (well in excess of 10 MPa for the sample

dimensions used here) and a brass flexure for measuring displacement, see Figure 3-

2. A pair of thin brass flexures are used to maintain the alignment of the parts

in the load path, and also provide a portion of the restoring force on the FSMA.

Strain is determined by measuring the displacement of the uppermost member that

extends from the flexure and to the right in Figure 3-2 with an ADE model 3800

capacitance gauge. This configuration was used instead of earlier designs [25] as it

has reduced losses from sliding friction because of the removal of moving pistons.

These components are mounted on a rigid frame attached to the X1 electromagnet

such that the magnetic flux is oriented perpendicular to the load path and the FSMA

is in the center of the gap where the field is uniform.

This experimental apparatus was used for collection of low-actuation-frequency

data near 1 Hz. The procedure used for data collection is outlined below:

1. The prestress applied to the FSMA by the spring was adjusted for maximum



strain output of the FSMA. Typically, this stress was near 1 MPa on the crystal.

2. The drive voltage and frequency for the piezoelectric were set to the desired val-

ues ranging between 0-20 kHz and 0-25 Vrms (See Figure 1-14 for corresponding

piezoelectric displacement).

3. The drive voltage and frequency for the magnetic field were set for the desired

value. For the X1 magnet, the drive frequency was limited to 0.5 Hz (1 Hz

actuation).

4. The LabView electronic data collection software was initialized. The data col-

lection was triggered by the magnetic field as the value rose from zero volts.

5. Once the data collection was completed, both the piezoelectric and magnetic

field drive voltages were reset to zero.

Wire Gauge 18
Turns per coil 1000

Resistance in parallel 4.4 Q
Inductance in parallel 117.7 mH

at 60 Hz
Gap Volume 5.4 cm 3

Maximum Current 14 A
Maximum Field 9 kOe

Table 3.2: X1 magnet specifications [25]

3.2.2 High-Frequency Actuator

The second magnet, X4 (Figure 3-3), was a higher-frequency, low inductance design

capable of delivering magnetic fields above the strain saturation field, for Ni-Mn-

Ga, to 250 Hz (Figure 3-4). It also had differences in the components placed in the

load path, which were primarily made out of steel in the X4 design, rather than

aluminum (Figure 3-3). These modifications resulted in a 50% mass reduction of the

moving parts compared to the X1 design, thereby increasing the resonant frequencies

of these actuator components and producing better overall frequency response. As



Figure 3-2: Schematic of the major X1 actuator components within the load path.
The magnetic field is centered about the FSMA and oriented into the page. Material
breakdown: 1.) brass 2.) spring 3.) aluminum 4.) FSMA crystal 5.) piezoelectric
stack 6.) capacitance gauge.

in the X1 design, these components were mounted to a rigid frame attached to the

electromagnet such that the magnetic flux is oriented perpendicular to the load path

and centered on the FSMA crystal.

Wire Gauge 10
Turns per coil 140

Resistance in parallel 0.17 Q
Inductance in parallel 2.1 mH

at 60 Hz
Gap Volume 3.6 cm

Maximum Current 40 A
Maximum Field 9 kOe

Table 3.3: X4 magnet specifications [25]

For the high-frequency apparatus, special care had to be taken to match the spring

stiffness to the test frequency and desired strain output from the FSMA. By equating

the kinetic energy of the moving parts with the maximum magnetic energy input

(Eqn. 3.1), the maximum actuation frequency of the FSMA can be determined. This

m



Figure 3-3: Schematic of the X4 actuator components within the load path. The
magnetic field is centered on the FSMA and oriented into the plane of the page.
Material Breakdown: (1) steel, (2) fiberglass composite, (3) spring, (4) aluminum,
(5) FSMA, (6) piezoelectric stack, and (7) capacitance gauge.
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Figure 3-4: Magnetic field produced by the X4 magnet with a
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analysis shows that a 2 cm Ni-Mn-Ga crystal is capable of actuation up to 850 Hz.

Here it is assumed that the sample is not subjected to a bias stress and only the



sample moves.

mv2 = KV (3.1)

Pmv = 2K u(3.2)

PmWAX = (3.3)

weL = 2K (3.4)

f= 2PK (3.5)
a2irgL Pm

1 2(1.5 x 105)
= 27r(0.06)(0.02) 8140

f = 850 Hz (3.7)

When a spring is present, one must also take into account the maximum rate that

the spring can compress the FSMA crystal back to its original state. To find this

rate, the resonant frequency of the spring must be found and is shown in Eqn. 3.8,

assuming a moderate spring stiffness of 12 kN/m. This frequency comes out to be

123 Hz, well below the theoretical frequency at which the FSMA can actuate. There-

fore, the resonant frequency of the spring (and the other mechanical components) is

the controlling factor in the bandwidth of the device. This is discussed further in

Chapter 5.2.

S= (3.8)

12 x 103 (3.9)
W= = )02 (3.9)0.02

f= • 123 Hz (3.10)
2ir

There is a tradeoff between bandwidth and displacement from the apparatus.



Stiffer springs allow for higher frequency actuation, but block twin boundary motion

much earlier than do weak springs due to the larger stresses they apply to the crystal

at a given strain. This also means that long crystals will inherently have a lower

bandwidth in this type of device as they require more compliant springs for full 6%

strain.

Once an appropriate design of the reset mechanism had been determined, data

collection was carried out in the same manner as the X1 apparatus. The only signif-

icant difference was that the magnetic field was operated at various frequencies in a

burst mode of 2-10 magnetic field cycles to limit undesirable heating of the magnet

power supply. Otherwise, the experimental conditions and procedure were identical

for the two apparatuses.

3.2.3 Temperature Dependence

The X4 apparatus was modified to allow for temperature dependent measurements of

the effect of the piezoelectric drive on the FSMA. A styrofoam enclosure was placed

around the entire X4 magnet assembly to provide for an insulated, temperature

controlled environment. A thermocouple was placed adjacent to the FSMA crystal

to monitor the ambient temperature. The temperatures below room temperature

were achieved by the addition of a combination of dry ice and liquid nitrogen via an

access port on the top of the enclosure. After the desired minimum temperature was

achieved and stabilized for 10 minutes, the temperature was allowed to slowly rise as

data points were collected. This temperature drift for the apparatus was less than

0.1 °C/min.

3.2.4 Adaptamat Actuators

In addition to the two test systems described above, two actuators from Adaptamat

were used to test the effect of acoustic-assistance with a small, commercially-available

device. Specifications for these devices are given in Table 3.4. The first of the two

was left unaltered as a control specimen, as shown in Figure 3-5. The second actuator



Blocking force approx. 25 N
Maximum operating frequency 500 Hz
MSM element dimensions 5 x (0.95 x 2.0 x 39) mm

38 mm active length
Actuator dimensions 40 x 40 x 67 mm

(100 mm long with shaft)
Total mass 2 x 560 g
Maximum peak current 3.0 A in both coils
Turn number 2 x 108
Wire diameter (in/out) 0.71/0.77 mm
Time constant of winding 30 ms
Lamination Sheet thickness 0.2 mm
Lamination package thickness 39 mm

Table 3.4: Manufacturer specifications for the Adaptamat actuators

was modified to include a piezoelectric stack in series with the FSMA crystal so that

the efficiency of the acoustic assistance could be determined, Figure 3-6.

Each Adaptamat actuator was fitted with a collet which held a capacitance gauge

in place for displacement measurements. A 12.7 mm diameter aluminum target weigh-

ing 2.3 g was attached to the end of the actuator's shaft for use in conjunction with

the capacitance gauge. This allowed for accurate displacement measurements to be

made in reference to the actuator. The drive current to the devices was measured

for the modified device, Adaptamat #2, as well as the piezoelectric drive voltage and

frequency.



Figure 3-5: The Adaptamat #1 actuator showing the device in the as-received state.

Figure 3-6: Adaptamat #2 showing modifications to allow for acoustic assist.
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Chapter 4

Low-Frequency Actuation

This chapter describes the effect of acoustic waves on the low-frequency actuation

(1 Hz magnetic drive) of Ni-Mn-Ga single crystals. The data were collected on

the X1 experimental apparatus described previously in Chapter 3.2.1. Changes in

threshold field, strain output, stress output and efficiency will be discussed.

4.1 e vs. H Minor loops

The effectiveness of acoustic energy applied to a Ni-Mn-Ga crystal from TL7 during

magnetic actuation is evident in a series of experiments measuring the FSMA strain

output with a DC-biased magnetic field and a spring for for bias stress for crystal

reset. In Figure 4-1, the FSMA begins in a compressed state and extends against the

load after the magnitude of the magnetic field exceeds a threshold value. The FMSA

continues to strain until it reaches its maximum value at the maximum magnetic

field. As the field is reduced, the FSMA is compressed by the load to its original

state. The piezoelectric stack was operated at 1 kHz with drive voltage of 5, 35,

and 55 V, (corresponding to a piezoelectric free displacement of 0.75 ym, 5.5 pm,

and 8.7 ym, respectively, Figure 1-14) and thereby creating different amplitude stress

waves within the FSMA at the same 1 kHz frequency.

With an increase in acoustic input from 5 V, to 55 V,, the threshold magnetic

field value is reduced and the overall cyclic strain is increased concurrently. The data



show a reduction in the threshold values by roughly 500 Oe and a near doubling of

the output strain between the 5 and 55 Vpp piezoelectric drives.
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Figure 4-1: Early data showing the effect of acoustic-assistance. As the drive voltage
for the piezoelectric stack is increased, the threshold for twin-boundary motion is
reduced and the AC strain output increases [35].

Figure 4-2 shows the effect of varying the frequency of the piezoelectric. In this

set of data, the magnetic field (-5100< H <4370 Oe) is offset slightly to negative

field such that the maximum negative field is above the threshold. For the positive

field side, the maximum field is below the threshold for twin-boundary motion when

there is no acoustic input. As a result, there is very little AC strain for low acoustic

frequencies (30 Hz) for H >0, as the field is insufficient to initiate twin-boundary

motion.

As the acoustic frequency is increased, there is a reduction in the threshold mag-

netic field. As a result, there is a corresponding increase in strain output from the

FSMA (Figure 4-3). For H <0, the output strain increases by 68% as the piezoelec-

tric frequency goes from 30 Hz to 6 kHz. This effect is more pronounced for H >0

where an increase in strain output of 800%, relative to the initial strain, is achieved

over the same piezoelectric frequency range. The more significant enhancement of

piezo-assisted MFIS for H > 0 than H < 0 is due to the threshold being reduced

to well below the applied magnetic field amplitude as the acoustic drive is increased,

~



allowing the magnetic field to cause actuation where it was previously incapable. Al-though the magnitude of the effect differs between H < 0 and H > 0, the additionof acoustic-assistance allows for the magnetic energy to be used more efficiently inboth cases, as less is wasted in achieving the necessary threshold field and more ofthe energy is converted into useful work.
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Figure 4-2: Strain-field butterfly curves at 1 Hz with varying frequency acoustic-assist.There is a small DC offset in the magnetic field such that for H <0, the maximummagnetic field is slightly greater than threshold and for H >0, the maximum fieldis below the threshold field. The strain increase is most pronounced for H >0 andthe increase on each side is due to the reduction in threshold magnetic field. Thered, green, and blue curves correspond to 30, 2000, and 6000 Hz respectively, at20 V,•, [35].

4.2 Large magnetic field drive

The previous section describes the effect of the acoustic drive on the FSMA whendriven with a magnetic field lower than that required to saturate the FSMA strain.The following section will address the effects of the acoustic-assistance on the actu-ation behavior of the FSMA when it is driven by magnetic fields large to enough tocause magnetic saturation.
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Figure 4-3: Comparison of the peak strain values in Figure 4-2 for H<0. Two regions
of behavior are observed. There is an initial region in which strain increases rapidly
to roughly 4.0 kHz, after which the strain output is roughly constant with a shallow
decline up to 10.0 kHz [35].

Figure 4-4 shows the E vs. H for a sample of Ni Mn Ga taken from crystal TL7.

The FSMA was actuated with a sinusoidal magnetic field at 1 Hz with varying

amounts of acoustic-assistance. The data shows that there is an initial magnetic

threshold at H =4800 Oe and an initial cyclic strain of 3.28%. With the addition of

a 20.3 Vpp acoustic drive at 5.0 kHz, the threshold is reduced by 1000 Oe (21%) to

3800 Oe. The FSMA strain at this acoustic frequency is increased to 3.46% strain.

For a 10.0 kHz drive, the threshold is reduced slightly more than for the 5.0 kHz drive

and the strain is equivalent at 3.46%. The strain increase with acoustic-assistance un-

der large magnetic fields is substantially lower than what is observed when the FSMA

is driven with a smaller magnitude magnetic field. The reason for this is three-fold.

First, the maximum applied magnetic field is substantially above the threshold field

and therefore the threshold is not directly controlling the overall strain, so that a re-

duction in the threshold has a small overall effect. Second, the Ni Mn-Ga crystal has

extended to near its theoretical maximum strain under an applied load prior to the

addition of the acoustic-assistance, so the potential gains are smaller. This maximum
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theoretical strain is given mathematically by [8]

2Kh 1 - - UoIo
e(a, h) = K) (4.1)

CEo

in which Ku = 1.7 x 105 J/m3 is the magneto-crystalline anisotropy, h is the reduced

magnetic field, co = 0.06 is the maximum strain, and C = 2 x 107 N/m 2 is the ef-

fective stiffness during twin-boundary motion [21]. With a bias stress of 1 MPa, the

maximum strain predicted is 4.16%, although this value is sensitive to the value of the

magneto-crystalline anisotropy, K,. Third, all of the test apparatuses used through-

out this thesis work constrain the crystal on its upper and lower surfaces. These

constraints prohibit twin-boundaries from passing through a triangular section (dark

regions on Figure 4-5b) at the upper and lower surfaces of the crystal, because the sur-

face kinks (red encircled region on Figure 4-5c) produced by the twin-boundaries on

passing along the constrained surfaces cause unfavorable stress concentrations. This

decreases the effective active length by the width of the crystal. Correcting for this

inactive region gives strains of 3.94% and 4.15% for the experiment with and without-

acoustic assistance, respectively, which coincide closely to the theoretical values for a

bias stress of 1 MPa.

For the same experiment, stress data was also recorded (Figure 4-6) using a com-

pression load cell. The change in stress is a result of the magnetic-field-induced

expansion of the FSMA crystal against a bias spring. In these curves, the FSMA be-

gins at zero strain and the stress and strain increase simultaneously along the upper

section of the curve as the magnetic field is increased (toward B). The maximum in

stress, strain, and field occur simultaneously after which the stress and strain fall off

with decreasing magnetic field along the lower section of the curve (toward A). From

this plot (Figure 4-6), it can be seen that the acoustic-assistance has little effect on

the stress output of the FSMA as Aa is the same with or without the piezoelectric

drive. As can be seen in Figure 4-4 as well, there is an absolute increase in strain

output of 0.18% strain with the addition of acoustic-assistance.
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Figure 4-5: Schematic of single crystal of Ni-Mn-Ga at differing twin states. (A) is a
single variant with c-axis oriented vertical. (B) is a partially twinned crystal showing
inactive triangular regions in dark grey. (C) is a partially twinned crystal showing
twin-boundaries intersecting upper and lower constraints. In practice, this situation
(C) does not arise due to stress concentration in regions highlighted by the red circles.

The most notable difference occurs at the points labeled A and B where the curves

become more rounded. Point A and B occur at the inflection points of the plots in

Figure 4-4, with Point A being along paths in which the crystal is being compressed

(H returning to 0, inflection at high strain) and Point B being the inflection at low

strain on the paths corresponding to the crystal extending (H approaching ±Hmax)

in Figure 4-4.
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Figure 4-6: Effect of acoustic-assistance on the e vs. a behavior for a large mag-
netic field drive on a sample from TL7. This data corresponds with the e vs. H
measurements in Figure 4-4

The rounding effect in Figure 4-6 with the additional acoustic energy is believed

to arise because defects in the material are able to be overcome at a lower stress with

the inclusion of acoustic-assistance. For large defect strengths, a large magnetic or

mechanical stress is needed to move a twin-boundary over the defect. The atomic

motions caused by the addition of acoustic-assistance allows for obstacles to be over-

come at a lower stress value and results in the smoother appearance of the a - E

plots.

The shape of the a vs. H curves (Figure 4-7) are similar to those in Figure 4-4.

At H = 0, the stress is equal to the static bias stress of 0.95 MPa. As the field is

increased, the stress stays constant until a threshold field is reached. This threshold

corresponds closely with the threshold field for strain initiation (Figure 4-4). After

the field has reached its maximum value and is decreased, the stress follows the upper

curve back to H = 0.

The relative insensitivity of the stress-field behavior to the addition of acoustic-

assistance is an encouraging result. Chambers found that the acoustically driven

strain fell off dramatically at stresses an order of magnitude lower than those used

I -
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Figure 4-7: Effect of acoustic-assistance on the a vs. H behavior for a large magnetic
field drive on a sample from TL7. The acoustic drive is 20.3 Vp at varying frequencies.

as the bias stress in the above data [15]. Also, these stress shown above are similar

to those for pure magnetic drive [25] further indicating no negative effects on the

potential FSMA mechanical work output as part of a hybrid device.

4.2.1 Additional Large-Field Results

Similar data as above were taken on a sample of material from TL8 (Figures 4-8 to 4-

10). The overall trends were the same. Acoustic-assistance reduced the threshold and

increased the strain output. However, the magnitudes of the changes are significantly

smaller than for the TL7 sample shown in Figures 4-4 to 4-7.

The threshold field is initially 2750 Oe for the TL8 sample and is reduced to

2520 Oe at the highest frequency acoustic drive (Figure 4-9). There is also no apparent

change from 4.6% strain for this sample with the inclusion of acoustic assistance as

shown in Figure 4-10.

The wide disparity in acoustic effect between TL7 and TL8 can be correlated

closely with the defect concentrations within the samples. Richard has done exten-
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Figure 4-8: Effect of acoustic-assistance on the e vs. H behavior for a large magneticfield drive on a sample from TL8. There is a slight reduction in the threshold as thepiezoelectric drive frequency is increased.
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Figure 4-9: Summary of the threshold magnetic field to initiate twin-boundary motionfor acoustic-assist frequencies up to 15 kHz, in a sample from TL8. There is a small,8%, reduction in the threshold as the acoustic-assist frequency is applied up to 15 kHz.8%0, reduction in the threshold as the acoustic-assist frequency is applied up to 15 kHz.
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Figure 4-10: Summary of the cyclic strain for acoustic-assist frequencies up to 15 kHz
in a sample from TL8. Over a wide range of frequencies, the strain output remains
nearly constant at -4.6%

sive characterization of the defect concentrations with samples from the same parent

crystal boules as those used in these experiments [43]. He showed that each of the

crystals contained Ti and S rich precipitates and defects strengths were calculated

to be near 0.5 K, based on simple Orowan models. At this strength, the impurities

are not expected to block twin-boundary motion altogether, but may be capable of

impeding it. Of the samples tested from these two crystals, TL8 showed the lower

concentration of these impurities. TL7 was also shown to have regions of retained

austenite [46], which could further impede twin-boundary motion and account for the

large threshold fields.

Defects reduce the mobility of twin-boundaries. It is not unexpected that TL8

would therefore have the lower threshold for twin-boundary motion, as it is largely

a defect controlled phenomenon. Also, acoustic-assistance primarily affects the po-

tency of these defects in pinning twin-boundaries. It can be assumed then that the

magnitude of the acoustic-assistance effect is largely determined by the defect content

and that acoustic-assistance has a correspondingly lower effect on the purest and the



lowest threshold of the samples (TL8) as a result. The sample from TL7 contains

more numerous second phase defects, and therefore has an initially large threshold

and its threshold has a stronger dependence on the acoustic drive than TL8.

A similar effect is found for the output strain. Crystals showing near maximum

field-induced strain typically have lower concentrations of defects that can block twin-

boundary motion relative to low-strain samples, with all else being equal. Therefore,

crystals showing large field-induced strain, of similar composition, should have lower

defect concentrations and will see the smallest gains with the addition of acoustic-

assistance as acoustic-assistance works by mitigating the effect of defects.

4.2.2 Phase space plots

In the following section, the effects of the piezoelectric drive voltage (which determines

the piezoelectric displacement magnitude) and frequency of the acoustic-assistance on

FSMA actuation are described. The following data were taken using a 1 Hz magnetic

drive, strong enough to saturate Ni-Mn-Ga, and varying acoustic parameters. The

FSMA sample from TL7 used has a high initial threshold field of 4600 Oe, and AC-

strain of 3.3%.

Figure 4-11 shows the threshold field as a function of the voltage and acoustic

frequency parameters. At low acoustic input voltage and frequency, the threshold is

initially high at 4600 Oe and reaches a local minimum of 4200 Oe, at 1 kHz and low

voltage acoustic drive. The minimum threshold field observed was 3900 Oe in this

sample. For all frequencies, the threshold falls off rapidly with increasing piezoelectric

drive voltage and little additional reduction is observed for voltages larger than 12 Vp

for this sample. Although there is some structure in the frequency dependence, the

threshold generally is reduced as the drive power is increased by either an increase in

drive voltage or frequency.

The strain as a function of piezoelectric drive voltage and frequency is shown in

Figure 4-12. Output strain increases slightly with increased voltage and/or frequency

from 3.3% to 3.6% strain. Maximum strain is achieved at the largest voltage and

frequency drives, and the magnitude of the change is small over a wide drive voltage



and frequency spectrum, as in previous data with large magnet field drives.

4.3 Energy, Power, and Efficiency Considerations

As was stated earlier (Section 4.1), the addition of acoustic assistance allows for a

more efficient conversion of the magnetic energy into useful work. This section uses

some simple calculations to determine the extent of this improvement based on the

magnetic power input, the mechanical power from the piezoelectric, and the a - c

work output of the FSMA. The magnetic work input is given by

W,,a = poMAH (4.2)

where M is the magnetization and AH is the change in applied field. This equation

has a maximum value of

Wmag = KuV (4.3)

where the magnetic field is increased from zero to the saturation field, where Ku is

the magnetic anisotropy and V is the volume of the material. The mechanical work

done by the piezoelectric on the FSMA is given by

W, = e apV (4.4)

where ep is piezoelectric strain and up is piezoelectric stress. The FSMA work output

is given by

WF = CFO'FV (4.5)

In Eqns 4.2-4.5, and the following equations, the subscript F refers to the value for

the FSMA and p for the piezoelectric. For Equations 4.2, 4.3, 4.4, and 4.5, power can

be obtained by multiplying each energy by the corresponding angular frequency, w.

The piezoelectric work can be expressed in terms of more readily known quantities
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by recognizing that the position of the end of the piezoelectric, x, is given by

x = (AL) sin(27rft) (4.6)

dx
v = - 27rf (AL) cos(27rft) (4.7)

from which we can derive the velocity and acceleration:

dv
a = = -(27rf)2(AL) sin(27rft) (4.8)

Here AL is the amplitude of the piezoelectric stack displacement and in general is a

function of the applied voltage and frequency. The average acceleration at the end of

the piezoelectric can then be estimated in terms of its RMS value as

arms = 0.707(2irf)2 (AL) (4.9)

Incorporating this acceleration into the stress in Eqn. 4.4 yields

F V  M arms(4.10)W ~V A(4.10)

0.707MF(2 f)2(AL)EcVp (4.11)
AF

Here MF is the mass of the FSMA that is put in motion by the action of the piezo-

electric. The mass of the other moving parts can also be included in MF. Eqn. 4.11

can then be reduced to
0.707MF(27r fp)2VpLp (4.12)

AF

and as before, the power transferred from the piezoelectric to the FSMA can be

determined
0.707MF(2x f)32VL,

PP = W = 707MF(27r) L (4.13)
AF

Table 4.1 shows the analysis of power inputs and outputs for the data presented

earlier in Figure 4-4, Figure 4-6, and Figure 4-7. It can be seen that the addition of



acoustic-assistance improves the efficiency of the FSMA by only a small amount when

calculated for a full E(H) loop. With the addition of a 5 kHz and 20 Vrm, acoustic

drive, the FSMA power output increases by an amount about equal to the acoustic

drive power and overall efficiency is improved 0.5% (absolute change in efficiency).

Increasing the acoustic frequency, f, from 5 kHz to 10 kHz, the FSMA efficiency falls

off due to the large increase in power from the piezoelectric with no change in FSMA

output, indicating that the piezoelectric's effect on efficiency depends strongly on the

operating conditions of the piezoelectric. This is especially true of the piezoelectric

drive frequency because the mechanical power supplied from the piezoelectric scales

as the frequency cubed and the square of the voltage (Eqn. 4.13), as V oc Epiezo.

Power calculations for a small-amplitude acoustic drive, 2.7 Vrm,,, are presented

in Table 4.2. For the operating conditions, the FSMA strain ranged from 3.3% for

the 50 Hz acoustic drive to 3.45% strain for the larger acoustic drives and the Au

was approximately 0.33 MPa for all cases. The low piezoelectric drive voltage is

responsible for the low piezoelectric mechanical power even at 10 kHz. The mechanical

power from the piezoelectric accounts for only 3% of the total power input at the

highest drive frequencies. The difference in FSMA efficiencies between the data at

50 Hz and 5 kHz is +0.33%, and the efficiency is essentially constant for all higher

frequencies. It is interesting to note that an improvement in FSMA output power of

0.9 mW is achieved with an addition of as little as 0.076 mW of mechanical power

from the piezoelectric.

The change in overall efficiency is mainly a result of the strain increase with the

addition of the piezoelectric drive. Therefore, the largest change in efficiency would

be found when the strain changes by a large fraction, as in Figure 4-1. No stress data

was acquired for the data set presented in Figure 4-1, but by assuming the same AU

of 0.33 MPa, estimates of the efficiency can be made. In Table 4.3, the addition of

the piezoelectric drive causes a near doubling of the efficiency from 5 V drive to the

55 V drive.

Additional energy savings can be achieved by a reduction in power requirements

needed to generate a specified FSMA strain value as the inclusion of a piezoelectric



drive reduces the magnetic field amplitude required. Eqn. 1.10 shows that the mini-

mum power required to operate a given magnet scales as the square of the magnetic

field. Reducing the threshold/operating field can therefore result in large power sav-

ings. A reduction in required field of as little as 5% corresponds to a ;10% power

savings.

For the FSMA actuators, the ratio of overall input energy to mechanical output

compares well with that of conventional piezoelectric actuator devices. Wang reports

a 6.1% theoretical efficiency of electrical energy to output mechanical energy conver-

sion for a cantilever bimorph made from soft PZT ceramic (Motorola 3203HD) and

measured values of 6.0% [47]. Adhesively-bonded PZT and PMN (lead magnesium

niobate) stacks have been found to have efficiencies of 17-27% [48].

Piezo/Acoustic Frequency Magnetic Power Piezo Power Power Output Efficiency
none 283 mW 0 PW 27.8 mW 9.84%

5000 Hz 283 mW 0.49 iW 29.3 mW 10.38%
10000 Hz 283 mW 3.95 LW 29.3 mW 10.38%

Table 4.1: Power calculations based on the data presented in Figure 4-4 with a 20.3
Vrm8 piezoelectric drive.

Piezo/Acoustic Frequency Magnetic Power Piezo Power Power Output Efficiency
50 Hz 283 mW ;0 mW 20.8 mW 7.34%

5000 Hz 283 mW 0.02 ILW 21.7 mW 7.67%
7500 Hz 283 mW 0.08 ,aW 21.7 mW 7.67%

10000 Hz 283 mW 0.20 IzW 21.7 mW 7.67%

Table 4.2: Power calculations based on the data driven to magnetic saturation with
a 1 Hz drive frequency and with a 2.7 Vrm, piezoelectric drive at varying frequencies.

Piezo Voltage Magnetic Power Piezo Power Power Output Efficiency
5 V, 170 mW -0 IW 14.6 mW 8.57%
35 Vp 170 mW 0.007 IW 19.6 mW 11.48%
55 V, 170 mW 0.015 AW 24.9 mW 14.58%

Table 4.3: Power estimates based on Au = 0.33 MPa for the data presented in
Figure 4-1. The piezoelectric was driven at 1 kHz.





Chapter 5

Finite-Element Simulations

In order to adequately characterize the actuation behavior of Ni-Mn-Ga crystals as

a function of frequency, it is important to know the resonant behavior of the test

fixture. Resonant modes are unavoidable to a large degree and must be known in

order to separate the intrinsic material behavior from that of the test device. This

chapter describes 3-D finite element modeling (FEM) of the dynamic behavior of

the X4 actuator at various frequencies. The lowest frequency resonant modes were

determined to be due to the off-axis displacements of the compression spring in the

system.

5.1 Quasi-static deformation

The finite-element modeling (FEM) of the stress distribution was used to analyze

the deformation of the bodies within the load path. The FEM results also serve

as a validation that the model is behaving appropriately for the frequency analysis

described later in this chapter.

In order to carry out these simulations, a 3-D model of moving parts in the appa-

ratus was constructed in ProE® and imported into ANSYS® Workbench, where the

finite-element simulations were carried out. Typical material properties for the com-

ponents were assigned to the geometry from within ANSYS® and all of the materials

were assumed to be linear elastic and isotropic; the untwinned FSMA stiffness was



Number Material Density (kg/m') Stiffness (GPa) Poisson's Ratio
1 Steel 7850 200 0.3
2 Fiberglass 1500 100 0.3
3 Aluminum 2700 70 0.3
4 FSMA Crystal 8400 65 0.3
5 Piezoelectric Stack 7000 60 0.3

Table 5.1: Material properties used in ANSYS® Workbench simulations.

used, see Table 5.1. Figure 5-1 shows how these material properties were assigned to

elements in the X4 actuator.

Physical constraints were then applied to the model. The top of the spring, the

bottom of the piezoelectric, and the right ends of both of the flexures (where the

mobile parts in the load path are connected to the rigid frame of the apparatus) were

all constrained to be immobile in the three orthogonal directions. The loading to the

system from the FSMA actuation was then applied as a 0.4 mm displacement on the

top surface of the FSMA which corresponds to a 3.3% FSMA strain. These initial

conditions are shown in Figure 5-2 and the mesh used is shown in Figure 5-3. Initial

conditions can impact the results of the simulation considerably and were chosen to

most closely match the physical system.

At each interface between volumes/components, the contacting areas were defined

as bonded to prevent slippage on those planes. The only exception was the spring-

upper flexure interface which was defined as "rough" to allow for the two components

to come out of contact and to undergo limited sliding when they are in contact.

The FEM model was then evaluated to determine the quasistatic strains in the

apparatus. Figure 5-4 shows the calculated deformation in the vertical, x-direction,

of the apparatus under the above conditions. Note that the extension of the FSMA

causes primarily rigid body motion of the steel components above it. Deformation is

primarily confined to vertical displacement of the spring flexures on the right side of

the device and the compression of the spring in the load path. This is the way the

apparatus was designed to operate. The flexure extending to the left stays level and is

undeformed, which confirms that the flexure used to measure strain does not amplify

the strain from the crystal under quasi-static conditions. It moves up in conjunction
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Figure 5-1: Schematic of the material distribution in the X4 actuator. Materialproperties are summarized in Table 5.1

with the FSMA extension giving an accurate displacement measurement.

5.2 Frequency Analysis

In order to fully characterize the response of the system at various frequencies, the
resonant modes must be determined. These modes have a strong impact on the shape
of the E - H and o - f behavior of the system and need to be understood in order to
interpret the data accurately. To do the analysis, ANSYS@ Workbench "Frequency
Finder" solution method was applied to the same model used for the quasi-static
analysis. The first four resonant modes of the system were determined.

The lowest frequency mode is shown in Figure 5-5. It is a spring bending mode at
73.7 Hz whose motion is at 450 to the plane of the page. In this mode, the top surface
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Figure 5-2: Schematic of the X4 actuator components within the load path with the
applied system constraints. The spring is rigidly held on its top surface as are the
surfaces of the piezoelectric and the right edges of the flexures. A 0.4 mm vertical
displacement is then applied to the FSMA.
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Figure 5-3: Schematic of the mesh applied to the X4
used in the ANSYS@ Workbench analysis.

actuator geometry as it was
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Figure 5-4: U. displacement (displacement in the vertical direction) caused by theextension of the FSMA crystal.

of the spring is fixed, and the lower section of the spring vibrates in bending. The
extent of the deformation in Figure 5-5 is exaggerated by ANSYS® for illustrative
purposes and the true deformation magnitude is small. Also, only the motion of the
resonant parts are shown. Mode 2, at 73.8 Hz, is similar to that in Figure 5-6 but the
spring bending motion occurs in the plane perpendicular to the mode 1 deformation.

Figure 5-7 shows the third resonant mode at 193.6 Hz. This is the longitudinal
compression-extension mode arising from inertial forces acting on the spring. It is
especially problematic for the device operation as it results in a loss of spring load on
the Ni-Mn-Ga crystal and therefore an inability to reset the sample. The next mode
is an expansion mode of the spring at 206.1 Hz (Figure 5-8).

The first mode not associated with the compression spring, and the 21st overall,
occurs at 864 Hz and is the first buckling mode (n = 0) deformation in the upper
spring flexure, Figure 5-9.

It is important to note that the first 20 of the identified resonant modes and all of
the modes within the operation range of the device are associated with the coil spring
in the system and not the FSMA material or other parts of the system. It is these



modes which will impact the performance of the actuator device most significantly

and will lead to a degradation in performance at higher frequencies as the components

become out of phase with one another. Therefore, when designing an actuator, special

consideration needs to be made with respect to the bias spring used as it will dictate

the low-frequency behavior and ultimately the upper bound of the operating range.

There are some limitations to the model that should be addressed. In order

to prevent rigid body translation of the components relative to one another, the

component interfaces need to be defined as firmly attached to one another. This

precludes the model from identifying potential bending/buckling behavior, especially

at the component interfaces. This also makes the model system stiffer overall than

the real counterpart, so it is expected that the model may overestimate the resonant

frequencies or miss low frequency bending/buckling modes. The model, for simplicity,

also does not account for the rigid exterior frame structure. As a result, primarily

low-frequency modes of the frame, to which the modeled parts are affixed, will be

missed.

0010 0.M

Figure 5-5: First resonant mode of the system at 73.7 Hz which is a spring bending
mode at 45' to the plane of the page. The extent of the deformation is exaggerated
by ANSYS@ for illustrative purposes.
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Figure 5-6: Second resonant mode of the system at 73.8 Hz which is a spring bendingmode perpendicular to the first mode. The extent of the deformation is exaggeratedby ANSYS® for illustrative purposes.
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Figure 5-7: Third resonant mode of the system at 193.6 Hz which is a longitudinalcompression-extension spring mode. The extent of the deformation is exaggerated byANSYS® for illustrative purposes.
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Figure 5-8: Fourth resonant mode of the system at 206.1 Hz which is a bow-
ing/expansion spring mode. The extent of the deformation is exaggerated by
ANSYS® for illustrative purposes.
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Figure 5-9: First non-compression spring resonant mode of the system at 864 Hz
which is a buckling mode of the upper flexure. The extent of the deformation is
exaggerated by ANSYS@ for illustrative purposes.



In order to increase the resonant frequencies of the spring, a stiffer spring can

be used in its place. This will drive up the resonant frequencies of the spring and

give a larger bandwidth to the actuator. However, there is a trade-off. With a stiffer

coil spring, a smaller displacement is required for the spring stress to approach the

blocking stress in Ni-Mn-Ga for twin boundary motion. Therefore, there is a trade-off

between actuator stroke and bandwidth with the use of a coiled compression spring.

A large bandwidth in an actuator of this design requires that the stroke be small,

while an actuator optimized for large stroke will inherently have a smaller maximum

operating frequency.

However, much of this tradeoff can be eliminated by small changes in the actu-

ator design. Optimally, a coiled compression spring should be avoided altogether in

the system if one wants good high-frequency performance, due to the low intrinsic

resonant frequencies of coil springs. A better design method employs the use of a leaf

spring or Belleville spring to supply the reset force. These springs have the advan-

tage of large stiffness perpendicular to the primary deformation direction, unlike coil

springs, and typically have a significantly larger initial resonant frequency.

Based on the ANSYS® model results, the system was redesigned to substitute a

leaf spring for the coil spring. This design also allows for the removal of the capitance

gauge extension (shown extending to the left in Figure 5-1) as the capacitance gauge

can now be placed in the load path where the coil spring was previously located. The

new actuator geometry that incorporates the leaf spring is shown in Figure 5-10.

The width of the leaf spring was optimized independently in ANSYS®, such that

a 6.75 x 62 mm free length of a steel spring supplies 3 MPa of stress on the crystal

when the crystal extends 0.4 mm. Using a number of simulation runs, the resonant

frequency was found to fit the linear equation

fres = 211.63t + 5.3025 (5.1)

where t is the thickness of the leaf spring in millimeters and f,,, is in Hz. The

displacement of the end of the spring (mm) under a 13 N load (which corresponds to



approximately to a 3.0 MPa stress on the crystal) was found to vary as

Ax = 8.979t 2 .9 8 9 2 (5.2)

Setting the desired displacement to 0.4 mm, these indicated that the appropriate

width of the spring was 2.8 mm and that the first resonant mode occurs at 598 Hz.

O J7 1 U (M
04M M

Figure 5-10: Geometry of the modified X4 actuator
most flexure in the schematic. The coil spring and
removed compared to the previous design.

with a leaf spring as the upper
cap gauge extension have been
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Figure 5-11: Displacement of the end of the leaf spring under a 13 N applied bending
load. The trend line shown corresponds to Eqn. 5.2.





Chapter 6

High-Frequency Actuation

Previously discussed data indicate that there are significant gains that can be ob-

tained by the addition of a high-frequency piezoelectric drive to Ni-Mn-Ga driven

magnetically at 1 Hz. This is particularly true if the FSMA sample has a relatively

high threshold field for actuation. In the following chapter, the effect of the piezo-

electric is described at actuation frequencies from 1-500 Hz on the X4 apparatus

modified with the inclusion of a leaf spring.

6.1 High-Frequency Data at Saturating Magnetic

Fields

Using the X4 apparatus described in Chapter 3.2.2, data were collected using a

2.5 x 4 x 16.3 mm crystal from TL8. The magnetic field was applied parallel to the

4 mm dimension within the experimental apparatus. Figure 6-1 shows a single loop

from each of the separate test runs taken at various actuation frequencies in the range

1-200 Hz; the cyclic strain is summarized in Figure 6-3.

The 1-50 Hz loops have the same general shape as those previously measured

at 1 Hz on the X1 apparatus (see Figure 4-8) and show a strain of roughly 0.0175

(1.75% strain) over that range. The threshold field (1500 Oe) is lower than previously

measured, due mainly to relative ease of magnetizing this sample compared to the
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Figure 6-1: Strain as a function of applied field on the X4 actuator for various
magnetic drive frequencies. Peak magnetic field value is 6.5 kOe and there was no
piezoelectric drive used in this data set.

previous ones. The easier magnetization of the sample is a result of its cross-sectional

shape which generates a weaker demagnetization field. Previous samples had a square

cross section while this sample has a rectangular cross section with the long direction

oriented parallel to the magnetic field.

The FSMA shows considerably larger strain at 150 Hz than at the other frequen-

cies. As can be seen from Figure 6-1, the shape of the curve also changes dramatically,
suggesting the presence of a system resonance. Even after the field reaches its max-

imum value, the strain continues to increase, suggesting inertia in the FSMA and

spring. This is followed at 200 Hz by the corresponding anti-resonance and a large

reduction in output strain relative to the other frequencies. Comparing the 150 Hz

resonant frequency to the model in Chapter 5.2, this frequency does not correspond

to any of the resonant modes identified in the ANSYS® simulations. It is therefore

possibly a bending mode of the system at a component interface, as the model did

not take into account these bending modes due to difficulty with modeling the inter-

faces properly. Bending modes are also expected to occur at relatively low frequencies

because of the weak lateral constraints on the components in the load path.

Figure 6-2 shows the change in strain output with the addition of acoustic-
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Figure 6-2: The effect of a 12 kHz acoustic-assistance at 15 Vrms for a 10 Hz actuation
frequency. The maximum applied field is 6.5 kOe.

assistance for the crystal driven magnetically at 5 Hz. The piezoelectric is driven
at 12 kHz at an amplitude of 15 Vrms. The addition of this piezoelectric drive yields
a 4.4% increase in relative strain output. The decrease in threshold field is larger
than the increase in strain, though not as large as the approximately 1 kOe decrease
in crystals that start with a higher initial threshold field.

Overall though, the addition of the piezoelectric drive has little effect on the
output strain as seen in Figure 6-3. This is not unexpected as 8 kOe magnetic fields

(sufficient for saturation) are being applied to the crystal. As with the previous low-
frequency data (Figure 4-4 and Figure 4-8), when magnetic fields that are capable
of causing saturation are used, the crystal shows little improvement in output strain
when acoustic energy is applied. The crystal has already strained to a large fraction
of its total possible strain under the given applied load prior to the application of the
acoustic drive.
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Figure 6-3: Summary of the cyclic strain from the data presented in Figure 6-1 along
with the effect of piezoelectric drive included. Peak magnetic field value is 6.5 kOe.
Diamonds are with acoustic assistance and squares are the control experiments with-
out acoustic assistance. Error bars represent one standard deviation.

6.2 High-Frequency Data at Non-Saturating Mag-

netic Fields

The acoustic effect was also measured at fields below those needed to saturate Ni-
Mn-Ga. For this set of experiments, a maximum magnetic field of 3.1 kOe was used
which produced one-third the output strain as the experiment described above at
1 Hz. Results are shown in Figure 6-4.

As seen before (Figure 6-3), there is a system resonance near the 150 Hz actuation

frequency (Figure 6-4). The cyclic strain also increases as the actuation frequency

is increased from 400 to 500 Hz. By examining the Fourier transform of the strain
waveforms, a large component at 580 Hz is found in addition to the one at the principle
frequency within this range of data. The Fourier transform of the strain data is shown
in Figure 6-5, with a strong mode at 580 Hz. The 580 Hz signal also tends to persist
and ring-down after the magnetic field drive ceases. Looking at the ANSYS ® models
(Eqn. 5.1), this frequency corresponds closely with the expected value of the leaf

I I
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Figure 6-4: Summary of the cyclic strain at 3.1 kOe drive field for actuation frequen-cies up to 500 Hz. Diamonds are with acoustic assistance and squares are the controlexperiments without acoustic assistance. Error bars of one standard deviation areused.

spring resonance at 598 Hz. In addition, because the strain measurement is takenfrom a target affixed to the leaf spring, its resonances will readily be measured withinthe data. Therefore, the increase in measured FSMA strain, approaching 500 Hz,may be attributed to the excitation and ringing of the leaf spring, rather than atrue increase in FSMA strain output. The FSMA strain therefore would be largelyconstant at 0.006-0.008 over this range if the leaf spring were not resonating.
Comparing the increase in strain amplitude between the case with acoustic-assistance

and the control data without, there is a small increase in strain from the additional
piezoelectric drive. Previously on the X1 data taken at 1 Hz, it was shown that thepiezoelectric is most effective for low-magnitude magnetic field drives (Chapter 4.1and 4.2). The same result is observed on this data taken with the X4 actuator,Figure 6-3 and 6-4.

At 1 Hz and 5 Hz, the piezoelectric drive causes a relative increase in strain of
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Figure 6-5: The Fourier transform of the strain vs. time data at 450 Hz actuation.
The leaf spring resonance is observed near 580 Hz, in addition to the peak for the
principle actuation frequency at 450 Hz.

5% and 5.5%, respectively, for a ±3.1 kOe magnetic field drive. This is roughly

twice the improvement in relative strain output compared to the data shown above

with (±6 kOe) magnetic field drive. As was found in the low-frequency data, small

changes in the twin-boundary threshold have the largest impact on the output strain

when magnetic field magnitudes near the threshold are used. Also, this effect is most

significant when the threshold field is large.

For both values of the maximum magnetic field drive tested (3.1 and 6.5 kOe) on

the X4 apparatus, the piezoelectric drive is most effective for the lower drive frequen-

cies. The greatest gains in strain are observed at 1 Hz and 5 Hz with essentially zero

gain for larger actuation frequencies, specifically 10 < f < 500 Hz. For drive frequen-

cies greater than 50 Hz, the change in strain with the addition of the piezoelectric

drive is negligible and within the error of the experiment.

It is believed that the falloff in strain improvement at larger frequencies is the

result of two main factors. The first is that the strain measured at higher frequencies

is that of the device output and not specifically of the FSMA itself. As a result, the

measured strain is affected by system behavior as well as the behavior of Ni-Mn-Ga.



This is most noticeable at 150 Hz where the system goes through a resonance.' For

frequencies greater than 100 Hz, much of the measured behavior is a result of the

overall dynamic system behavior rather than a material property of the FSMA.

The second reason for the falloff in strain improvement with increasing magnetic

drive frequency is that there are fewer acoustic cycles per magnetic actuation cycle

as the magnetic drive frequency is increased. For a 1 Hz magnetic drive, there are

6000 acoustic cycles per actuation loop. As the magnetic actuation frequency reaches

500 Hz, this number drops to 24 acoustic cycles per actuation loop. Therefore, the

internal displacements caused by the acoustic drive have fewer opportunities to assist

the magnetic drive in overcoming any defects (by two orders of magnitude) in the

material during each actuation cycle. Twin-boundary motion is a stochastic process

and the reduction in number of piezoelectrically driven internal displacements reduces

their opportunities to effect twin-boundary mobility. Equivalently, the total acous-

tic energy input (piezoelectric power divided by number of piezoelectric cycles) per

magnetic actuation cycle is smaller.

This general roll-off in performance of the acoustic drive with increasing magnetic

frequency would seem to indicate that the ratio of the magnetic drive frequency to the

acoustic drive frequency is an important quantity. Unfortunately, this is impossible

to test with the current experimental apparatuses. In order to keep the ratio constant

for a magnetic actuation frequency as small as 20 Hz, a 120 kHz piezoelectric drive

would be required, which is above the operating range of the piezoelectric stacks.

For both the ±6.5 and ±3.1 kOe magnetic drive amplitudes, the FSMA actuator

shows large strains out to the 500 Hz actuation frequencies. The FSMA is able

to actuate with the magnetic field out to the 500 Hz actuation frequency and the

features in the strain response appear to be solely the result of system resonances.

The data at 1-10 Hz on the X4 apparatus (Figure 6-3) agree well with the data

presented previously in Chapter 4.2 which was taken at similar actuation frequencies.

The piezoelectric is most effective in increasing strain output when combined with a

magnetic field amplitude that is substantially below the saturation field.

'The first FSMA resonance is not expected to occur until f = = 27.2 kHz.



6.2.1 Twin-boundary Velocity

Marioni [11] observed the maximum extensional velocity of the free end of a Ni-Mn-

Ga single crystal, in the absence of an external load, to be roughly 6 m/s based on

both theory and experimental findings. The velocity of the moving parts of the X4

apparatus under magnetic actuation can be easily determined and used as a method

of determining the extent to which the actuator is limiting the frequency response of

the FSMA.

The position of the end of the crystal and the velocity of the sample from the

previous +3.1 kOe data taken at a 500 Hz actuation is plotted in Figure 6-6. Figure 6-

6 shows a peak extensional velocity of roughly 0.4 to 0.5 m/s at 500 Hz actuation in

the absence of an acoustic drive.

The peak velocity as a function of actuation frequency is plotted in Figure 6-7 for

the strain data presented in Figure 6-4. A linear increase in velocity with frequency

is expected for a sample with constant strain output. As can be seen in Figure 6-7,

the velocity deviates from linearity at a number of frequencies (namely 150 Hz and

above 400 Hz) which correlate with the resonant frequencies identified above in the

strain response, as would be expected. The maximum velocity of 0.58 m/s occurs at

500 Hz, which is well below the theoretical maximum of 6 m/s determined by Marioni

[11].

However, Marioni's theoretical analysis was done on a free sample, in which case

the kinetic energy is equivalent to the maximum magnetic energy that can be applied

to Ni-Mn-Ga. This approach does not account for the effect of an external load on

the sample or additional moving mass other than the FSMA. The analysis presented

by Marioni can be extended to account for the external load by assuming that the

input magnetic energy is equivalent to the sum of the kinetic energy and FSMA strain

energy such that

Emag = Ekinetic + Estrain (6.1)

mTv2
K2V = + •EV (6.2)
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KV 2 + Sa2V2

2(KV - SU2V)
IVI =

(6.3)

(6.4)

where S = 1.5 x 10-8 Pa-1 is the FSMA compliance during twin-boundary motion2,

V is the FSMA volume, mT is the FSMA mass plus the mass of the other moving

parts in the system, a is the applied stress, v is the velocity, and K, = 1.5 x 105 J/m3

is the magneto-crystalline anisotropy. Using values appropriate for the X4 design,

Eqn. 6.4 indicates that the peak theoretical velocity should be approximately 2 m/s.

C
0

a-

Figure 6-6: Velocity and position of the end of the FSMA crystal under the application
of a 250 Hz, +3.1 kOe magnetic field drive.

6.2.2 Dependence of FSMA extensional velocity on the mov-

ing mass and stress

A sensitivity analysis can be performed using Eqn. 6.4 to determine the maximum

FSMA velocity as a function of both the applied stress and ratio of the total moving

mass in the system to the FSMA mass (•AT)._ As expected, Figure 6-8 shows thatwhh would orrespond to a stff rystal wth FSMA twinning stiffness of C =70 MPa

2which would correspond to a stiff crystal with a twinning stiffness of C =70 MPa
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Figure 6-7: Extensional velocity of the X4 actuator at frequencies up to 500 Hz with
the inclusion of a 12 kHz and 15 Vrm, piezoelectric drive.

the maximum velocity occurs for an unstressed crystal that does not displace any

additional mass beyond its own. This velocity is consistent with previous work by

Marioni [11] that indicated the maximum velocity is approximately 6 m/s, and occurs

only for an unstressed sample with a low mass ratio. The velocity falls off slowly for

stresses near normal operating values (1-2 MPa) but decreases rapidly as the stress

approaches the blocking stress for the crystal. The effect of increasing the mass ratio

decreases the maximum velocity much more rapidly at first than does increasing the

stress. The velocity is very sensitive to changes in the mass ratio for ratios near one,

and becomes less sensitive as the ratio increases.

Figure 6-8 has important consequences for actuator design. The velocity puts

an upper bound on the possible actuation frequency of a Ni-Mn-Ga actuator. It

indicates that the FSMA should account for as much of the moving mass as possible

in a high-bandwidth application. Figure 6-8 also indicates that a minimum stress

should be applied for maximum bandwidth. However, in order for the FSMA crystal

to fully reset following extension a minimum stress value is required. Typically, this

stress is on the order of 1-2 MPa and stresses of this magnitude have only a small

CI-·
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impact on the peak velocity (< 10% reduction).

The analysis also indicates that the blocking stress can be found as the solution

to the equation

0 = K,V - Sa2V (6.5)

from Eqn 6.4, as the peak velocity (and therefore the cyclic displacement) goes to

zero at that point. Eqn. indicates that the blocking stress, ab, is dependent on the

ratio of the maximum amount of magnetic energy that can be supplied, K., and the

material compliance, S, as

b = (6.6)

The values obtained from Eqn. 6.6 agree well with the range of blocking stresses

reported in the literature [21, 25].

6.3 Adaptamat Actuator Performance

Having demonstrated performance gains in output strain and lowered magnetic field

threshold for twin boundary motion with acoustic assistance on laboratory devices,

the technique was then applied to a small, commercially available actuator from

Adaptamat. Two of the devices were acquired and one was modified as described

in Chapter 3.2.4. Adaptamat #2 was modified with the inclusion of a piezoelectric

within the load path to allow for acoustic assisted actuation.

In contrast to previously presented experimental data, the data presented in this

section are plotted as a function of the drive current rather than magnetic field, since

the design of the commercial actuator precludes direct magnetic field measurement.

The magnetic field is proportional to the drive current though, by the relation

nI
H = (6.7)

L

where n is the number of magnet turns, I is the applied current, and L is the gap
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Figure 6-8: Sensitivity analysis of the peak actuator velocity as a function of applied
compressive stress and the ratio of the FSMA mass to the total moving mass. Maxi-
mum velocity (bandwidth) occurs for small values of both the mass ratio and applied
stress.

length for the magnet [16].

6.3.1 Adaptamat #2

Adaptamat #2 was modified to included a piezoelectric stack within the load path

of the actuator. Displacement and current drive data were collected for magnetic

field drive frequencies between 1 Hz and 350 Hz for the case with the piezoelectric

operated at 12 kHz and 15 V,,m and in the absence of piezoelectric drive. The low

frequency E vs. I curves are plotted in Figure 6-9 and the maximum strain for all

frequencies are summarized in Figure 6-10.

Figure 6-9 shows similar behavior to previous data that has been presented at

low frequencies (Figure 4-8). The addition of the piezoelectric drive yields a 12%

improvement in displacement output.
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Figure 6-9: Displacement of Adaptamat #2 at 1 Hz without acoustic assist (red) and
with a 12 kHz and 15 Vrm, piezoelectric drive (blue). The addition of the piezoelectric
drive adds 12% to the observed displacement.

The data in Figure 6-10 show that the displacement of the actuator is largest at

the low frequencies and approximately half the displacement is lost by the 100 Hz

actuation frequency. The displacement level is roughly constant from 100-400 Hz.

At the higher frequencies tested, the displacement level increases noticeably over

the minimum displacement. This is attributed to the resonance of the device that

becomes appreciable at x500 Hz actuation, which corresponds to the limit of the

actuator's stated operating range (Table 3.4).

With the addition of the acoustic drive, there is an improvement in the output

displacement over the entire range of drive frequencies. As in the X4 actuator de-

scribed previously, the effect is largest at low magnetic drive frequencies. At the

lowest drive frequencies, the piezoelectric has 5 times the effect as it does at larger

drive frequencies. This result is consistent with the previous data taken on the X4

apparatus which showed a similar drop-off in piezoelectric efficiency and effect with

the higher magnetic drive frequencies.

F -INN Arv^ý

-4 -3 -2 -1 0 1 2 3



0.045

0.04

E
0.035

E

i 0.03

0.025

0.02
0 100 200 300 400 500 600 700

Actuation Frequency (Hz)

Figure 6-10: Cyclic displacement of Adaptamat #2 without acoustic assist (red
squares) and with a 12 kHz and 15 Vrms piezoelectric drive (blue diamond). The
addition of a piezoelectric drive increases the displacement output for all frequencies
up to 700 Hz.
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Chapter 7

Temperature Dependence

Figure 7-1 shows the strain output of the FSMA actuator at temperatures from 1-

34.5 C at 2 Hz actuation 1. A magnetic field drive amplitude of 7200 Oe was used.

The MFIS is affected strongly by the twin-boundary mobility and the magneto-

crystalline anisotropy, K,. Each of these two quantities has a complex temperature

dependence. The magneto-crystalline anisotropy, which is related to the driving force,

approaches zero near the Curie temperature and increases with a decrease in temper-

ature (Figure 1-6). Over the 35 0C temperature range of interest in this experiment

however, the anisotropy is relatively constant. The twin-boundary mobility is maxi-

mum just below the austenite transformation temperature and decreases rapidly with

temperature. As a result, the maximum strain is observed near the austenite start

temperature (T > 30 'C) for specimens studied here. The strain output decreases

rapidly with a decrease in temperature. At 1 'C, the strain is almost completely

suppressed.

For all temperatures, an increase in strain output is observed with the inclusion

of a 12 kHz piezoelectric drive at 15 Vms. Figure 7-2 shows the absolute increase in

strain (strain measured as percent elongation)

Ae(T) = cp(T) - 0o(T) (7.1)

1Higher temperatures were not tested as the austenite start temperature for this sample is ;40 'C.
At this temperature the strain will approach zero as the martensite phase is replaced by austenite.
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Figure 7-1: Temperature dependence of the MFIS from 1-34.5 °C without and with
a 12 kHz, 15 Vrms piezoelectric drive.

of the crystal with the inclusion of the piezoelectric drive. In Eqn. 7.1, Co(T) is the

strain without the piezoelectric drive and Ep(T) is the strain with the piezoelectric

drive. Figure 7-3 shows the percent change in strain output where

%A = 100 x E(T) - E(7.2)
1o (T)

with the addition of the piezoelectric drive, relative to the strain without the piezo-

electric drive. For absolute gain in strain, the largest improvements of r0.02% strain

are found for 12 'C and tend to decrease slowly with decreasing or increasing temper-

ature. This also coincides with the largest percentage gain in strain relative to the

strain without the piezoelectric. Due to the rapid increase in strain with temperature,

the relative change in strain, Eo, is maximum around 12 'C and decreases rapidly as

the temperature is raised further.

The gain from the piezoelectric, in both absolute and relative terms, is suppressed

at low temperatures/mobility and for high temperature/mobility. Near the austenite

start temperature, the material stiffness is minimized (Figure 1-8) and the thermal

agitation is high. The twins are free to move in the absence of the piezoelectric
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Figure 7-2: Absolute change in strain output (strain %) with the addition of a piezo-
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Figure 7-3: Percent change in strain output (relative) with the addition of a piezo-
electric drive for operating temperatures of 1-34.5 'C.
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drive, so the relative gains are small with the addition of the piezoelectric drive

in this region. For the lowest temperatures, the twin-mobility is very low in the

absence of the piezoelectric drive and the piezoelectric is limited by this low inherent

mobility. The temperatures tested were sufficiently below the Curie temperature such

that the magneto-crystalline anisotropy is weakly dependent on temperature and the

temperature change has a weak effect on the driving force.
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Chapter 8

Summary, Conclusions, and

Future Work

8.1 Summary

A series of experiments has been performed to evaluate the effect of a piezoelectric

drive on the magnetic-field-induced strain in Ni-Mn-Ga for the first time. Three sep-

arate experimental apparatuses were constructed and used to collect data. The first of

these was a low-frequency apparatus based on the X1 magnet used by C. Henry [25].

The X1 apparatus was used to collect data on the effect of the piezoelectric at 1 Hz

magnetic-field-induced actuation at various piezoelectric operating conditions. The

X4 apparatus incorporated a magnet that is capable of producing magnetic fields at

frequencies high enough for actuation at 500 Hz. The apparatus was modeled using

ANSYS® Workbench to determine the resonant modes of the system and optimize

the design for higher-frequency operation. The X4 design was also placed in an insu-

lated container to allow for temperature dependent measurements to be conducted.

The third apparatus used was based on a commercial product by Adaptamat, Inc.

The compact, commercial actuator was modified by including a piezoelectric stack

within the load path to allow for the evaluation of the piezoelectric drive on a device

meant for real-world application.
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Experiments conducted at 1 Hz actuation on the X1 apparatus have shown that

the change in output strain is dependent on the maximum magnetic drive field that is

used relative to the threshold field for twin-boundary motion. For maximum magnetic

field values just below threshold, the application of a piezoelectric drive causes an

800% increase in strain relative to the case without the piezoelectric drive. The same

piezoelectric drive with a magnetic field e250 Oe above the threshold, causes a 68%

increase in strain.

With a magnetic field drive capable of saturation (Ž>8000 Oe), the change in strain

with the piezoelectric drive is diminished. Experiments with a piezoelectric drive at

5 kHz and 20.3 Vrm,,, on a sample from TL7, showed an increase in absolute strain of

0.0024. The crystal sample from TL7 also showed a large reduction in threshold of

1000 Oe with the 5 kHz piezoelectric drive. Stress output was shown to be essentially

unchanged with the addition of a piezoelectric drive. When the same experiment was

performed on a low-defect sample from TL8, the threshold reduction was shown to

be on the order of 200 Oe for a similar piezoelectric drive.

A finite element model of the X4 apparatus was constructed and used by ANSYS®

Workbench to determine the resonant modes of the system. The models were used

to optimize system design to allow for operation under a wide range of actuation

frequencies. On the design used for data collection, the first resonant mode identified

by ANSYS@ was at 580 Hz, allowing for data collection at actuation frequencies up

to 500 Hz.

Data collected at frequencies up to 500 Hz on the X4 apparatus showed overall

strain improvement with the addition of the piezoelectric drive. The effect of the

added piezoelectric drive was most pronounced at frequencies below 50 Hz.

The temperature dependence of the effect of the piezoelectric drive was also in-

vestigated from 0-34.5 °C. For all temperatures, the piezoelectric drive caused an

increase in strain. The maximum effect was observed for temperatures near 15 'C,

and diminished effects near 0 "C and 34.5 "C.
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8.2 Conclusions

The piezoelectric drive has been shown to improve the output strain and lower the

magnetic threshold to initiate twin-boundary motion in Ni-Mn-Ga. The effectiveness

of the piezoelectric in increasing strain output and lower threshold field depends on

the temperature, maximum magnetic field amplitude used to drive the FSMA, and

the initial defect concentration within the FSMA.

Low-frequency data indicated that the gain in strain output with the inclusion

of the piezoelectric drive is largest for magnetic field drives near the threshold field.

The piezoelectric causes a reduction in the threshold field and therefore large changes

are seen when the maximum magnetic field is near the threshold. This large change

in threshold is what accounts for the large increases in strain output (up to a 800%

increase) for magnetic field drives near the threshold. With a large magnetic field

drive, near the saturation value, the change in strain with the addition of the piezo-

electric drive is less dramatic. For large drive fields, the strain output in the absence

the piezoelectric drive is near the maximum theoretical value, therefore the potential

gains with the addition of a piezoelectric drive are smaller.

The change in threshold reduction between TL7 and TL8 with the addition of the

piezoelectric drive, indicates that the defect structure in the material is important

in determining the effectiveness of the piezoelectric drive. The sample from TL7

contains significant amounts of retained austenite and has an initially large threshold

while TL8 has a low concentration of defects [43, 46]. For samples with large defect

concentrations, the piezoelectric drive is capable of assisting the magnetic field in

overcoming the defects to a large extent and enables the twin-boundaries to move

throughout the crystal. This results in the largest changes in threshold and output

strain. Low defect samples with initially low threshold fields, show small gains in

output stain and small reductions in threshold field as there are fewer defects for the

piezoelectric drive to act upon.

The temperature is also important in determining the extent of the effect that

the piezoelectric drive has on the actuation of Ni-Mn-Ga. The magneto-crystalline

107



anisotropy and mechanical stiffness are important in determining the extent of the

magnetic-field-induced strain and both vary with temperature. The maximum effect

of piezoelectric assist on field induced actuation is seen at around 15 °C. This is a

result of the inherently large twin mobility at temperatures near the austenite start

temperature which limits the gains from the piezoelectric drive. At lower tempera-

tures, the anisotropy is largest which results in the large driving forces. However, the

material stiffness is larger and twin mobility and thermal energy are inherently low

at suppressed temperatures. The low thermal energy and mobility are too great an

effect for the piezoelectric drive to overcome.

Analysis of the power requirements and efficiency were performed. By considering

the magnetic work input and mechanical input from the piezoelectric drive to the

FSMA and the mechanical output of the FSMA, an estimate of the efficiency of

the device was found. The magnetic power input is substantially greater than the

mechanical power input supplied from the piezoelectric. The analysis indicated that

the addition of the piezoelectric drive can increase the efficiency by ;0.5% on a sample

from TL7 that is operated with magnetic fields of ±8000 Oe. The gain in efficiency is

mainly the result of increased strain output. Therefore, larger gains in efficiency are

possible with smaller magnetic field magnitudes, especially with maximum magnetic

field drive amplitude near threshold as the increase in strain is maximized in this

region.

Measurements of the effect of the piezoelectric drive at varying FSMA actuation

frequencies indicated the largest effect occurs at FSMA actuation frequencies below

50 Hz. At higher frequencies, the effect is diminished as a result of the dynamic

response of the system becoming the limiting factor. Also, the decrease in the ratio

of piezoelectric drive cycles to FSMA actuation cycles may also play a role.

Modeling and experimental results also give interesting conclusions relating to

actuator design. The power requirements to operate a magnetic actuator scale with

the square of the required magnetic field (Eqn. 1.10). The piezoelectric drive can

therefore allow for a large reduction in magnetic power required to achieve a desired

actuation level. Analysis of the high-frequency data has indicated that the bias stress
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and the ratio of the total mass of the moving parts to that of the FSMA are both

important in determining the maximum actuation velocity of the FSMA. The highest

actuation velocities (and therefore actuation frequencies) are obtained for devices

with low mass ratios and relatively low bias stresses.

8.3 Future Work

The measurements presented in this thesis were the first taken showing the effect of a

piezoelectric drive on the magnetic-field-induced strain from Ni-Mn-Ga ferromagnetic

shape memory alloys. As a result, there are a number of avenues of future work that

arose.

* During this research, the dependence of the ratio of the piezoelectric drive fre-

quency to the FSMA actuation frequency arose as a potentially useful quantity.

In performing the actuation frequency measurements on the X4 apparatus, it

was observed that the effect of the piezoelectric (when operated at a constant

piezoelectric drive frequency) decreased with increasing magnetic actuation fre-

quency. The reduction may have been a result of fewer excitations from the

piezoelectric per FSMA actuation cycle at high actuation frequencies. Testing

the effect of the piezoelectric drive at a fixed ratio of the piezoelectric frequency

to the actuation frequency is therefore of interest.

* This research has indicated a correlation between defect strength, threshold, and

the extent of the effect the piezoelectric drive has on the actuation properties.

To date, however, the correlation has been determined for samples from two

crystal boules giving a limited range of defect types. It would be useful to study

other samples and work toward a better understanding of the mechanisms by

which different defects interact with twin disloactions.

* Marioni [11] was able to determine the magnetic field required to initiate twin-

boundary motion on multiple twin-boundaries via optical measurement. Re-

peating those experiments with the addition of a piezoelectric drive may give
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interesting insight into what range of defect strengths the piezoelectric drive is

most effective in aiding the magnetic field.

* Ferromagnetic shape memory alloys have large power outputs at frequencies

below roughly 1 kHz, while piezoelectric stacks have large power outputs at

frequencies in the 10s of kHz. The combination of a ferromagnetic shape mem-

ory alloy and a piezoelectric stack gives the possibility of developing a hybrid,

broadband transducer. There is still much to be learned about the potential

technical benefits of combining piezoelectric and FSMA actuators in hybrid

devices.
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